Obtención enzimática, caracterización y propiedades prebióticas de oligosacáridos empleados en leches infantiles by Rodríguez-Colinas, Bárbara
BÁRBARA RODRÍGUEZ COLINAS 
 
OBTENCIÓN ENZIMÁTICA, 
CARACTERIZACIÓN  Y PROPIEDADES 
PREBIÓTICAS DE OLIGOSACÁRIDOS 
EMPLEADOS EN LECHES INFANTILES 
 
MEMORIA 
Para optar al grado de Doctora en Ciencias Químicas 
DIRECTORES 
Dr. FRANCISCO JOSÉ PLOU GASCA 
 Dr. ANTONIO BALLESTEROS OLMO 
  Instituto de Catálisis y Petroleoquímica 
Consejo Superior de Investigaciones Científicas, Madrid 
 
UNIVERSIDAD AUTÓNOMA DE MADRID 
Facultad de Ciencias 
Departamento de Biología Molecular 
 
Madrid, 2013 

                       
 
FRANCISCO JOSÉ PLOU GASCA, DR. EN CIENCIAS QUÍMICAS, 
INVESTIGADOR CIENTÍFICO DEL C.S.I.C. Y ANTONIO BALLESTEROS 
OLMO, DR. EN CIENCIAS QUÍMICAS, PROFESOR DE INVESTIGACIÓN 
DEL C.S.I.C. 
 
CERTIFICAN: Que el presente trabajo “Obtención enzimática, 
caracterización y propiedades prebióticas de oligosacáridos empleados en 
leches infantiles”, que constituye la Memoria que presenta la Licenciada en 
Ciencias Químicas por la Universidad Autónoma de Madrid, Bárbara 
Rodríguez Colinas para optar al grado de Doctora, ha sido realizado bajo su 
dirección en el Departamento de Biocatálisis del Instituto de Catálisis y 
Petroleoquímica del C.S.I.C., Campus de Excelencia Internacional UAM + CSIC, 
Madrid. 
 
Y para que conste, firman el presente certificado en Madrid, a 2 de 
Septiembre de 2013. 
 
 
 
 
Dr. Francisco José Plou Gasca  Dr. Antonio Ballesteros Olmo 

Gracias a todos por haber estado ahí durante todos estos años de trabajo y aventuras 
colaborando con este proyecto de una u otra manera y haciendo que esto por fin sea posible. 
Han sido años muy especiales para mí que han transcurrido con una gran satisfacción tanto 
personal como profesional. Gracias… 
A mi Director y Tutor de Tesis, y maestro, Dr. Francisco José Plou Gasca, por inspirarme 
y enseñarme tanto en el campo de la ciencia como en el de la vida. Desde que llegué a este 
mundo de la investigación, ha hecho que sienta una verdadera pasión por nuestro trabajo 
aportándome conocimientos y experiencias que nunca olvidaré. Sin él, esto no hubiera sido 
posible… 
A mi Director de Tesis, Dr. Antonio Ballesteros Olmo, por su tiempo y dedicación 
depositando una gran confianza en mí y en este trabajo. Por esos refranes con los que día a día 
inunda el laboratorio dando un respiro a la vida. 
Al grupo de la Prof. María Fernández Lobato (Mike, Lola, Patricia, Miguel, María,…) del 
Centro de Biología Molecular Severo Ochoa, por colaboraciones que hemos tenido a lo largo de 
estos años. 
Al Prof. Robert Rastall y Dr. Sofia Kolida del Departamento de Ciencias de la Nutrición y 
Alimentación de la Universidad de Reading (Reino Unido) por haberme aceptado y mostrado 
técnicas nuevas y diferentes durante los tres meses de estancia en sus laboratorios…toda una 
experiencia! Gracias a cada uno de los colegas que conocí allí e hicieron mi estancia amena y 
divertida porque nunca les olvidaré: mi íntima amiga brasileña Valeria, Gurjot, Hristina, Cid, 
Magda, Sandra, Vir, María, Agus, Adele… 
Al Prof. J. Jiménez Barbero (CIB) y Dr. Ana Poveda (SIDI) por la interpretación de los 
espectros de RMN. Al Instituto de Catálisis y Petroleoquímica (ICP) y a su personal por su 
ayuda en cuanto a papeleos (Nuria, Alberto, Enrique…), mantenimiento, vidrio y demás, y a 
Carmen. Al grupo del Dr. Manuel Ferrer, los “Manolinos”, los que ya no están: Ana, Euge, 
Yamal, José Mª,…y a los de ahora: Mercedes, María, Mónica, Rafa, Álvaro… 
A las instituciones financiadoras que han hecho posible la realización de esta Tesis, al 
Ministerio de Ciencia e Innovación (programa FPI), al CSIC y a la UAM.  
A los miembros del Tribunal de Tesis por haber aceptado formar parte de él. 
Especial mención a mis compañeros de laboratorio por su ayuda, por su buen humor, por 
su compañía durante estos años de experimentos, congresos, talleres, paseos, viajes y lo que 
implica el día a día, que no es poco. Gracias a todos: a mis compañeras de lab, Pam y Lucía, a 
Patri, Eva, Diana, Paloma, David, Javi, Berni, Nieves, Susana, Cris, Oscar, Jaime, Xavi…y a los 
que han estado y ya no: con mucho cariño a Elisa, a Rafa, Belén, Berta, Paula (de Argentina), 
Cecilia y Paulina (de Chile), Gina y Guillermo, Humberto y Lolita y sus nenes (de México), a 
Paolo (de Italia). Gracias al Dr. Miguel Alcalde por sus consejos, siempre bienvenidos…Sin 
todos ellos no hubiese sido lo mismo. 
A Manuel, por ayudarme siempre en todo lo que hago transmitiéndome confianza y 
seguridad, animándome, dándome fuerza cada día y haciendo que la vida sea completa a su 
lado. A nuestro pequeño, Hugo, por todo: sus sonrisas, sus carcajadas, sus abrazos, sus besos, 
sus miradas, sus parloteos, sus lloros, sus gateos, sus primeros pasos…en fin, por sacar de 
nosotros lo mejor que llevamos dentro. 
A mis padres, Belmi y Emiliano, por apoyarme incondicionalmente y darme la 
oportunidad de llegar a este punto de mi vida. A mi hermano Emi, y a mi cuñada Rosa. A mis 
suegros, Cristina y Chiqui, mis cuñados Cris, Fede y Antón pero sobre todo a los peques de la 
casa, mis sobrinos: Diego, Elia, Marina y Claudia, por esas risas que pasamos juntos. A mi 
familia al completo. 
A mis amigos de toda la vida: Ire, Angela, Narri, Pepe, Olga, Diego, Ana…por 
aguantarme siempre, y, lo que nos queda. A mis amigas de la facultad: Mon, Mer, Erika y Laura 
porque sois indispensables en mi vida. A mis amigos de mi antiguo trabajo: Marina, Raquel, 
Mario, Ana P., Nacho, Rocío, Arman, Ana,… 
A todas mis compañeras y amigas del equipo de hockey hierba (Ele, Cris, Leti, Clara, 
Raquel, Viki,…) con las que comparto tanto tiempo, alegrías y penas en el terreno de juego, y 
multitud de buenos ratos fuera de él. Gracias a todas y cada una de ellas, y, al hockey en sí por 
todos los retos, triunfos y derrotas que me han aportado tanto a lo largo del tiempo, porque sin 
él no sería yo. 
Sinceramente, gracias a todos. 
 
  
 
 
 
 
 
A Manuel y a Hugo. 
 
 
 
 
 
 
"Todo parece imposible hasta que se hace." (Nelson Mandela) 
 
ÍNDICE  
 
Índice de capítulos………………………………………………………………………………...         I 
Índice de contenidos………………………………………………………………………………        II 
Índice de figuras…………………………………………………………………………………..       VII    
Índice de tablas………………………………………………………………………………........        XI 
Abreviaturas……………………………………………………………………………….............      XIII 
Summary………………………………………………………………………………...................     XVII 
 

I 
 
ÍNDICE DE CAPÍTULOS 
 
Capítulo 1.  Introducción general 
Capítulo 2.  Production of galacto-oligosaccharides by the β-galactosidase from 
Kluyveromyces lactis: comparative analysis of permeabilized cells versus soluble enzyme 
Capítulo 3. Galacto-oligosaccharide synthesis from lactose solution or skim milk using 
the β-galactosidase from Bacillus circulans 
Capítulo 4. Detailed analysis of galacto-oligosaccharides synthesis with β-galactosidase 
from Aspergillus oryzae 
Capítulo 5. Analysis of prebiotic activity of purified GOS by in vitro fermentation by the 
human faecal microbiota  
Capítulo 6. Galacto-oligosaccharides formation during enzymatic hydrolysis of lactose: 
towards a prebiotic-enriched milk 
 Capítulo 7. Dried alginate-entrapped enzymes (DALGEEs) and their application to the 
production of fructo-oligosaccharides 
Capítulo 8.  Resumen global de resultados, discusión y conclusiones 
ÍNDICE DE CONTENIDOS 
1. Capítulo 1. INTRODUCCIÓN GENERAL .............................................................................. 1 
1.1. Importancia de los oligosacáridos de la leche materna ..................................................... 3 
1.2. Microbiota intestinal ............................................................................................................... 6 
1.3. Alimentos funcionales: prebióticos, probióticos y simbióticos ....................................... 9 
1.4. Prebióticos ............................................................................................................................... 10 
1.5. Determinación del efecto prebiótico .................................................................................. 11 
1.6. Fructo-oligosacáridos (FOS) ................................................................................................. 15 
1.7. Galacto-oligosacáridos (GOS) .............................................................................................. 18 
1.7.1. Síntesis enzimática de GOS ............................................................................................ 20 
1.7.2. β-Galactosidasas .............................................................................................................. 22 
1.8. Inmovilización de enzimas para síntesis de FOS y GOS ............................................... 24 
1.8.1. Métodos de inmovilización ............................................................................................ 24 
1.8.2. Inmovilización por atrapamiento en gel de alginato cálcico ..................................... 26 
1.8.3. Inmovilización para síntesis de FOS ............................................................................. 27 
1.8.4. Inmovilización de β-galactosidasas para síntesis de GOS ......................................... 28 
1.9. Introducción al compendio de artículos publicados........................................................ 29 
1.10.    Objetivos de la Tesis.............................................................................................................. 31 
2. Capítulo 2: Production of galacto-oligosaccharides by the β-galactosidase from 
Kluyveromyces lactis: comparative analysis of permeabilized cells versus soluble enzyme .. 33 
2.1. INTRODUCTION .................................................................................................................. 36 
2.2. EXPERIMENTAL PROCEDURES ....................................................................................... 37 
2.2.1. Materials ........................................................................................................................... 37 
2.2.2. Culture conditions and preparation of permeabilized cells ...................................... 37 
2.2.3. Activity assay ................................................................................................................... 38 
2.2.4. Thermostability of K. lactis β-galactosidase ................................................................. 38 
2.2.5. Production of galacto-oligosaccharides ........................................................................ 38 
2.2.6. High-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) ................................................................................................................ 38 
2.2.7. Purification of GOS by hydrophilic interaction chromatography ............................ 39 
2.2.8. Mass spectrometry .......................................................................................................... 39 
III 
 
2.2.9. Nuclear Magnetic Resonance (NMR) ........................................................................... 40 
2.2.10. Scanning Electron Microscopy (SEM) .......................................................................... 40 
2.3. RESULTS AND DISCUSSION ........................................................................................... 40 
2.3.1. Activity and stability of K. lactis cells ........................................................................... 40 
2.3.2. Production of GOS by K. lactis cells .............................................................................. 42 
2.3.3. Production of GOS by soluble K. lactis β-galactosidase ............................................. 48 
2.4. ACKNOWLEDGEMENTS ................................................................................................... 50 
3. Capítulo 3: Galacto-oligosaccharide synthesis from lactose solution or skim milk using 
the β-galactosidase from Bacillus circulans ................................................................... 51 
3.1. INTRODUCTION .................................................................................................................. 53 
3.2. EXPERIMENTAL PROCEDURES ...................................................................................... 54 
3.2.1. Materials ........................................................................................................................... 54 
3.2.2. Activity assay ................................................................................................................... 55 
3.2.3. SDS-PAGE ........................................................................................................................ 55 
3.2.4. Thermostability of B. circulans β-galactosidase ........................................................... 55 
3.2.5. Production of galacto-oligosaccharides from lactose solution ................................. 55 
3.2.6. Production of galacto-oligosaccharides from skim milk ........................................... 56 
3.2.7. HPAEC-PAD analysis .................................................................................................... 56 
3.2.8. Purification of GOS by semipreparative HILIC .......................................................... 56 
3.2.9. Mass spectrometry .......................................................................................................... 57 
3.2.10. Nuclear Magnetic Resonance (NMR) ........................................................................... 57 
3.3. RESULTS AND DISCUSSION ........................................................................................... 57 
3.3.1. GOS specificity of Bacillus circulans β-galactosidase .................................................. 57 
3.3.2. Kinetics of GOS synthesis .............................................................................................. 61 
3.3.3. Effect of enzyme concentration on GOS formation .................................................... 63 
3.3.4. GOS production in skim milk ....................................................................................... 66 
3.4. ACKNOWLEDGEMENTS ................................................................................................... 68 
4. Capítulo 4: Detailed analysis of galacto-oligosaccharides synthesis with β-
galactosidase from Aspergillus oryzae ............................................................................................... 69 
4.1. INTRODUCTION .................................................................................................................. 71 
4.2. EXPERIMENTAL PROCEDURES ...................................................................................... 73 
4.2.1. Materials ........................................................................................................................... 73 
4.2.2. Activity assay ................................................................................................................... 73 
4.2.3. Production of galacto-oligosaccharides from lactose ................................................. 73 
4.2.4. HPAEC-PAD analysis..................................................................................................... 74 
4.2.5. Purification of GOS by semipreparative HILIC .......................................................... 74 
4.2.6. Mass spectrometry .......................................................................................................... 74 
4.2.7. Nuclear Magnetic Resonance (NMR) ........................................................................... 75 
4.3. RESULTS AND DISCUSSION ........................................................................................... 75 
4.3.1. GOS specificity of A. oryzae β-galactosidase ................................................................ 75 
4.3.2. Kinetics of GOS synthesis............................................................................................... 78 
4.3.3. Comparison of GOS formation with respect to β-galactosidases from other 
origin...... ........................................................................................................................................... 81 
4.4. ACKNOWLEDGEMENTS ................................................................................................... 83 
5. Capítulo 5: Analysis of prebiotic activity of purified GOS by in vitro fermentation by 
the human faecal microbiota ................................................................................................................ 85 
5.1. INTRODUCTION .................................................................................................................. 87 
5.2. MATERIALS AND METHODS .......................................................................................... 89 
5.2.1. Materials ........................................................................................................................... 89 
5.2.2. Purification of GOS ......................................................................................................... 89 
5.2.3. High-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) ................................................................................................................ 90 
5.2.4. Faecal inocula ................................................................................................................... 90 
5.2.5. Batch culture fermentations ........................................................................................... 90 
5.2.6. Bacterial populations by FISH ....................................................................................... 91 
5.2.7. Short-chain fatty acid (SCFA) analysis ......................................................................... 91 
5.2.8. Statistical analysis ............................................................................................................ 92 
5.3. RESULTS ................................................................................................................................. 93 
5.3.1. Production and purification of GOS ............................................................................. 93 
5.3.2. Bacterial enumeration ..................................................................................................... 95 
5.3.3. SCFA analyses ................................................................................................................. 97 
5.4. DISCUSSION ......................................................................................................................... 98 
5.5. ACKNOWLEDGEMENTS ................................................................................................. 100 
6. Capítulo 6: Galacto-oligosaccharides formation during enzymatic hydrolysis of 
lactose: towards a prebiotic-enriched milk ..................................................................................... 101 
6.1. INTRODUCTION ................................................................................................................ 103 
6.2. MATERIALS AND METHODS ........................................................................................ 105 
6.2.1. Materials ......................................................................................................................... 105 
V 
 
 
6.2.2. Determination of enzyme activity .............................................................................. 105 
6.2.3. Formation of galacto-oligosaccharides from skim milk .......................................... 106 
6.2.4. High-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) ............................................................................................................. 106 
6.2.5. Determination of protein ............................................................................................. 106 
6.3. RESULTS AND DISCUSSION ......................................................................................... 107 
6.3.1. Kinetics of GOS formation in skim milk with β-galactosidases from different 
sources... ......................................................................................................................................... 107 
6.3.2. GOS specifity of β-galactosidases ............................................................................... 109 
6.3.3. Effect of temperature on GOS formation ................................................................... 112 
6.3.4. Effect of lactose conversion on GOS synthesis .......................................................... 114 
6.4. CONCLUSIONS .................................................................................................................. 114 
6.5. AKNOWLEDGEMENTS .................................................................................................... 115 
7. Capítulo 7: . Dried alginate-entrapped enzymes (DALGEEs) and their application to 
the production of fructo-oligosaccharides....................................................................................... 117 
7.1. INTRODUCTION ................................................................................................................ 120 
7.2. MATERIALS AND METHODS ........................................................................................ 122 
7.2.1. Materials ......................................................................................................................... 122 
7.2.2. Preparation and characterisation of dried alginate-entrapped enzymes 
(DALGEEs) .................................................................................................................................... 122 
7.2.3. Confocal microscopy .................................................................................................... 123 
7.2.4. Porosimetry .................................................................................................................... 123 
7.2.5. Water content ................................................................................................................. 123 
7.2.6. Scanning electron microscopy ..................................................................................... 123 
7.2.7. Activity assays ............................................................................................................... 123 
7.2.8. Operational stability of DALGEEs in batch reactor ................................................. 124 
7.2.9. Operational stability of DALGEEs in a continuous fixed-bed reactor ................... 124 
7.2.10. HPLC analysis ............................................................................................................... 124 
7.2.11. Water activity................................................................................................................. 125 
7.3. RESULTS AND DISCUSSION ......................................................................................... 125 
7.3.1. Preparation and characterisation of dried alginate-entrapped enzymes 
(DALGEEs) .................................................................................................................................... 125 
7.3.2. FOS synthesis in batch reactor with fructosyltransferase in DALGEEs ................ 129 
7.3.3. FOS synthesis in continuous fixed-bed bioreactors with fructosyltransferase in 
DALGEEs ....................................................................................................................................... 129 
7.4. CONCLUSIONS ................................................................................................................... 132 
7.5. ACKNOWLEDGEMENTS ................................................................................................. 132 
8. Capítulo 8: Resumen global de resultados, discusión y conclusiones ........................... 133 
8.1. Estudio comparativo de las β-galactosidasas de K. lactis, B. circulans y A. oryzae en 
la producción de GOS ..................................................................................................................... 135 
8.1.1. Propiedades de las enzimas ......................................................................................... 135 
8.1.2. Producción de GOS ....................................................................................................... 136 
8.1.3. β-Galactosidasa de K. lactis .......................................................................................... 138 
8.1.4. β-Galactosidasa de B. circulans .................................................................................... 140 
8.1.5. β-Galactosidasa de A. oryzae ........................................................................................ 143 
8.2. Comparación de las distintas β-galactosidasas para la obtención de leche baja en 
lactosa enriquecida en GOS ........................................................................................................... 144 
8.3. Estudio de la selectividad prebiótica de diferentes GOS purificados mediante 
fermentación in vitro ....................................................................................................................... 146 
8.4. Inmovilización de enzimas por atrapamiento en alginato cálcico para obtención de 
FOS y GOS ........................................................................................................................................ 151 
8.4.1. Inmovilización de β-fructofuranosidasa de A. aculeatus para síntesis de FOS ..... 152 
8.4.2. Inmovilización de β-galactosidasa de Bacillus circulans para síntesis de GOS ...... 153 
Conclusiones .......................................................................................................................................... 157 
Referencias bibliográficas .................................................................................................................... 161 
Anexos ..................................................................................................................................................... 183 
VII 
 
ÍNDICE DE FIGURAS 
Fig. 1.1. Representación de HMOs de la leche materna. ............................................................................. 3 
Fig. 1.2. Estructuras básicas de HMOs que presentan mayor complejidad estructural que los FOS y GOS
 ..................................................................................................................................................................... 4 
Fig.1.3. Cambios de la flora intestinal desde el nacimiento hasta la vejez. .................................................. 7 
Fig. 1.4. Representación de algunas especies bacterianas en la microbiota intestinal. ................................ 7 
Fig. 1.5. Esquema de los microorganismos característicos de las distintas secciones del tracto 
gastrointestinal, y, de las regiones del colon humano con sus correspondientes actividades bacterianas y 
diferencias fisiológicas. ................................................................................................................................. 8 
Fig. 1.6. Efectos derivados de la producción de AGCC tras la fermentación bacteriana por la microflora 
intestinal facilitando (+) o inhibiendo (-). .................................................................................................. 12 
Fig. 1.7. Estructura de algunos de los principales FOS sintetizados a partir de sacarosa. ....................... 16 
Fig. 1.8. Estructura de algunos de los principales GOS sintetizados a partir de lactosa. ......................... 19 
Fig. 1.9. Obtención de GOS a partir de la lactosa procedente de la leche o suero lácteo. .......................... 21 
Fig. 1.10. Mecanismo de reacción en la síntesis de GOS  mediante β-galactosidasas. .............................. 22 
Fig. 1.11. Diferentes métodos  de inmovilización de enzimas.................................................................... 25 
Fig. 1.12.  Representación del atrapamiento en alginato sódico empleando iones de Ca 2+. ....................... 27 
Fig. 2.1. SEM micrographs of permeabilized K. lactis cells at 1000 x (top) and 2000 x (bottom). ........... 41 
Fig. 2.2. Thermoinactivation of K. lactis β-galactosidase at 40°C in 100 mM Tris-HCl buffer, pH 7.0:  
(A) in the absence of sugars; (B) in the presence of 200 g/l galactose; (C) in the presence of 200 g/l 
glucose.. ..................................................................................................................................................... 43 
Fig. 2.3. HPAEC-PAD analysis of the reaction of lactose with (A) permeabilized K. lactis cells and (B) 
Lactozym 3000 L HP G.. ........................................................................................................................... 44 
Fig. 2.4. 2D NMR heteronuclear single quantum coherence (HSQC) analysis of two galacto-
oligosaccharides obtained in the reaction of lactose with K. lactis cells: (A) trisaccharide 6´-galactosyl-
lactose; (B) disaccharide 3-galactosyl-glucose. ........................................................................................... 45 
Fig. 2.5. Galacto-oligosaccharides production from lactose by (A) permeabilized K. lactis cells, (B) 
Lactozym 300 L HP G, (C) Maxilact LGX 5000. ...................................................................................... 47 
Fig.  3.1. SDS-PAGE of β-galactosidase from B. circulans (Biolactase).... ............................................... 58 
Fig. 3.2. HPAEC-PAD analysis of the reaction of lactose with Bacillus circulans β-galactosidase 
(Biolactase) ................................................................................................................................................. 59 
Fig. 3.3. 2D-NMR heteronuclear single-quantum coherence (HSQC) analysis of two galacto-
oligosaccharides obtained in the reaction of lactose with Bacillus circulans β-galactosidase: (A) 
tetrasaccharide Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc; (B) trisaccharide Gal-β(1→4)-Gal-β(1→3)-
Glc. ............................................................................................................................................................. 60 
Fig. 3.4. Kinetics of GOS formation at 1.5 U/ml using 400 g/l lactose catalyzed by β-galactosidase from 
Bacillus circulans (Biolactase): (A) formation of total GOS; (B) GOS distribution as a function of 
polymerization degree. ............................................................................................................................... 63 
Fig. 3.5. Thermoinactivation of Bacillus circulans β-galactosidase at different temperatures in 0.1 M 
sodium acetate buffer (pH 5.5) ................................................................................................................... 64 
Fig. 3.6. Kinetics of GOS formation at 15 U/ml using 400 g/l lactose catalyzed by β-galactosidase from 
Bacillus circulans (Biolactase): (A) formation of total GOS; (B) GOS distribution as a function of 
polymerization degree. ............................................................................................................................... 65 
Fig. 3.7. Kinetics of GOS formation by Biolactase using skim milk: (A) total GOS production; (B) 
progress of glucose and galactose concentrations....................................................................................... 67 
Fig. 3.8. HPAEC-PAD analysis of the reaction of skim milk with Bacillus circulans β-galactosidase 
(Biolactase) at the point of maximum GOS concentration (2 h) ................................................................ 68 
Fig. 4.1. HPAEC-PAD analysis of the reaction of lactose with A. oryzae β-galactosidase.  The 
chromatogram corresponds to the reaction mixture after 7 h. ................................................................... 75 
Fig. 4.2. Mass spectra of peaks 11 (A) and  16 (B) in the HPAEC-PAD chromatogram. ......................... 77 
Fig. 4.3. Kinetics of GOS synthesis catalyzed by β-galactosidase from A. oryzae.. ................................... 79 
Fig. 4.4. Analysis of GOS formed by β-galactosidase from A. oryzae as a function of time ...................... 80 
Fig. 4.5. Comparison of β-galactosidase from A. oryzae, K. lactis and B. circulans: (A) Maximum yield of 
GOS (bars) and specific productivity ( ); (B) Distribution of products with β(1→6), β(1→3) and 
β(1→4) linkages at the point of maximum GOS concentration; and (C) Distribution of di-, tri-, and 
higher oligosaccharides at the point of maximum GOS production. ......................................................... 80 
Fig. 5.1. Structures of the GOS assayed in this study: (A) 4´-Galactosyl-lactose; (B) 6´- Galactosyl-
lactose; (C.1) Allolactose; (C.2) 6-Galactobiose.......................................................................................... 93 
Fig. 5.2.  HPAEC-PAD analysis of the GOS assayed: (A) 4’-Galactosyl-lactose; (B) 6’-Galactosyl-lactose; 
(C) Mixture of allolactose and 6-galactobiose; (D) Bimuno-GOS after treatment. ................................... 94 
Fig. 5.3.  Scheme of the fermentation vessels employed in the pH-controlled faecal batch cultures .......... 95 
Fig. 5.4.  Selectivity index scores of the different GOS determined from pH-controlled batch culture 
fermentations (10 h). .................................................................................................................................. 99 
Fig. 6.1. Kinetics of GOS formation in skim milk at 40°C and 0.1% enzyme dosage catalyzed by several 
β-galactosidases: (A) Biolactase from B. circulans; (B) Lactozym pure from K. lactis; (C)  Lactase F from 
A. oryzae.. ................................................................................................................................................ 108 
Fig. 6.2. HPAEC-PAD analysis of the reactions of skim milk with different β-galactosidases at 40°C, at 
the point of maximum GOS concentration: (A) Biolactase from B. circulans; (B) Lactozym pure from K. 
lactis; (C) Lactase F from A. oryzae... ...................................................................................................... 110 
Fig. 6.3. Kinetics of GOS formation in skim milk at 4°C and 0.1 % enzyme dosage catalyzed by several β-
galactosidases: (A) Biolactase from B. circulans; (B) Lactozym pure from K. lactis; (C)  Lactase F from A. 
oryzae. ...................................................................................................................................................... 112 
IX 
 
Fig. 6.4. GOS formation vs. lactose conversion using skim milk catalyzed by several β-galactosidases 
from different sources at 40°C (left) and  4°C (right) : (A) Biolactase from B. circulans; (B) Lactozym 
pure from K. lactis; (C)  Lactase F from A. oryzae.. ................................................................................ 113 
Fig. 7.1. Molecular structure of fructo-oligosaccharides (FOS) synthesized in this work…………….. 127 
Fig. 7.2. SEM micrographs of the DALGEE particles. Magnifications: upper picture, 45x; bottom 
picture, 1000x. ......................................................................................................................................... 127 
Fig. 7.3. Swelling of DALGEEs obtained with Algogel 3021: (1) alginate gel particle; (2) DALGEE 
particle; (3) DALGEE particle after 24 h incubation in buffer; (4) DALGEE particle after 24 h incubation 
in 600 g/l sucrose. .................................................................................................................................... 128 
Fig. 7.4. (A) Confocal image of FITC-labelled proteins, from Pectinex Ultra SP-L, entrapped in DALGEE 
particles. The images belong to a DALGEE particle in which the FITC-labelled protein solution was 
diluted 1:100 (v/v) prior to the gel-entrapment procedure. (B) Proposed mechanism of protein 
concentration on the shell of a DALGEE particle upon the drying process. ........................................... 128 
Fig. 7.5. Reuse assay of DALGEEs, containing the fructosyltransferase from A. aculeatus, in successive 
batch reactions. After each reaction cycle (20 min), the DALGEEs were separated from the reaction 
medium and washed................................................................................................................................. 129 
Fig. 7.6. Operational stability of the fixed-bed bioreactor packed with DALGEEs containing the 
fructosyltransferase from A. aculeatus. Reactor conditions: feed, 600 g/l sucrose; flow rate, 0.01 ml/min; 
temperature, 35°C. ................................................................................................................................... 130 
Fig. 7.7. Effect of the residence time on the sucrose conversion and FOS composition in the fixed-bed 
bioreactor packed with DALGEEs containing the fructosyltransferase from A. aculeatus ..................... 131 
Fig. 8.1. Resumen de los posibles GOS sintetizados por una β-galactosidasa considerando la formación de 
enlaces β(1→2), β(1→3), β(1→4) y β(1→6) .......................................................................................... 137 
Fig. 8.2. Resumen de la concentración máxima de GOS empleando β-galactosidasa soluble de K. lactis en 
función del tipo de enlace y del grado de polimerización, respectivamente. ............................................. 139 
Fig. 8.3. Resumen de la concentración máxima de GOS empleando β-galactosidasa de B. circulans en 
función del tipo de enlace y del grado de polimerización, respectivamente. ............................................. 140 
Fig. 8.4. Formación de GOS en función de la conversión de lactosa de las reacciones llevadas a cabo a pH 
5.5 y 40°C: (A) con lactosa 400 g/l a 1.5 U/ml; (B) con lactosa 400 g/l a 15 U/ml.. ............................... 141 
Fig. 8.5. Análisis HPAEC-PAD representativo del transcurso de la reacción correspondiente a 6.5, 50 y 
175 h. ....................................................................................................................................................... 142 
Fig. 8.6. (A) Cinética de la formación de GOS a diferentes valores de pH a las 33 h de reacción; y, (B) en 
función del porcentaje de lactosa. ............................................................................................................. 142 
Fig. 8.7. Resumen de concentración máxima de GOS empleando β-galactosidasa de A. oryzae en función 
del tipo de enlace y del grado de polimerización, respectivamente.. ......................................................... 143 
Fig. 8.8. Fotografía representativa de la fermentación in vitro con control de pH. ................................. 146 
Fig. 8.9. Imágenes tomadas al microscopio óptico fluorescente empleando diferentes sondas para medir los 
cambios producidos en determinadas poblaciones bacterianas. ................................................................ 147 
Fig. 8.10. Perfil de crecimiento de algunas especies bacterianas (Bif, Lab, Fpra y Eub) a lo largo de la 
fermentación (0, 5, 10 y 24 h, por orden de aparición) para cada uno de los sustratos: mezcla de alolactosa 
y 6-galactobiosa (rojos), 4´-galactosil-lactosa (azules), 6´-galactosil-lactosa (verdes) y B-GOS (morados).
 ................................................................................................................................................................. 148 
Fig. 8.11. Concentraciones de los AGCC a diferentes tiempos de fermentación de cada uno de los 
sustratos empleados en el estudio llevado a cabo con muestras fecales de cuatro voluntarios saludables…...
 ................................................................................................................................................................. 150 
Fig. 8.12. Actividad de agua (aw) de diferentes soluciones de azúcar ...................................................... 152 
Fig. 8.13. (A) Actividad relativa de los inmovilizados de β-galactosidasa de B. circulans sometidos a 
sucesivos ciclos de lavado en presencia de sacarosa 450 g/l, empleando los alginatos SG300 y Algogel 
6021, y dos métodos de secado diferentes (Dalgees). (B) Cinética de la reacción empleando lactosa 400 g/l 
con la β-galactosidasa de B. circulans inmovilizada en Dalgees (pH 5.5 y 40°C) medida por HPLC-
HILIC. ...................................................................................................................................................... 155 
Fig. 8.14. Análisis HPAEC-PAD correspondiente a las 6.5 h de reacción con la β-galactosidasa de B. 
circulans inmovilizada en Dalgees. .......................................................................................................... 156 
XI 
 
ÍNDICE DE TABLAS  
Tabla 1.1. Oligosacáridos en leche materna, leche bovina y preparados para lactantes (1) y de 
continuación (2) comercializados en España. .............................................................................................. 5 
Tabla 1.2. Clasificación de carbohidratos aceptados como prebióticos. ..................................................... 11 
Tabla 1.3. Productos predominantes del metabolismo de carbohidratos en el colon humano ................... 13 
Tabla 1.4. Diferentes tipos de estudios para la determinación del efecto prebiótico empleando diversos 
tratamientos, mayoritariamente con GOS como sustrato. ........................................................................ 14 
Tabla 1.5. Contenido de fructanos en diferentes vegetales. ...................................................................... 15 
Tabla 1.6. Algunas propiedades físico-químicas y fisiológicas de los FOS. .............................................. 15 
Tabla 1.7. Prebióticos tipo inulina comercializados. ................................................................................ 17 
Tabla 1.8. Propiedades generales de GOS ................................................................................................ 18 
Tabla 1.9. Composición química de algunos GOS comerciales (% p /p materia seca)…………………...20 
Tabla 1.10. Producción de GOS empleando diferentes β-galactosidasas .................................................. 23 
Tabla 1.11. Trabajos publicados de inmovilización para producción de FOS a partir de sacarosa .......... 27 
Tabla 1.12. Trabajos publicados de inmovilización de β-galactosidasas para producción de GOS a partir 
de lactosa .................................................................................................................................................... 29 
Table 2.1. Carbohydrate composition (percent w/w) of the reaction mixture using permeabilized cells 
from K. lactis .............................................................................................................................................. 48 
Table 2.2. Carbohydrate composition (percent w/w) of the reaction mixture using Lactozym 3000 L HP 
G ................................................................................................................................................................ 49 
Table 2.3. Carbohydrate composition (percent w/w) of the reaction mixture using Maxilact LGX 
5000……………………………………………………………………………………………………………………………………………………………………………..50 
Table 3.1. Composition of the reaction mixture (weight percentage referred to the total amount of 
carbohydrates) using 400 g/l lactose and 1.5 U/ml β-galactosidase from Bacillus circulans 
(Biolactase)………………………………………………………………………………………………………………………………………………………………….61 
Table 3.2. Composition of the reaction mixture (weight percentage referred to the total amount of 
carbohydrates) using 400 g/l lactose and 15 U/ml β-galactosidase from Bacillus circulans……………. 66 
Table 4.1. Composition of GOS synthesized by β-galactosidase from Aspergillus oryzae ....................... 76 
Table 5.1. Probes used for FISH analysis of bacterial populations in samples from batch cultures systems.
 ................................................................................................................................................................... 92 
Table 5.2. Substrates employed in this study to investigate the fermentation selectivity. ....................... 95 
Table 5.3.  Mean bacterial populations in pH-controlled batch cultures at 0, 5, 10 and 24 h. The starting 
concentration of the test substrates was 1% (w/v) of 5 ml batch culture fluid.. ........................................ 96 
Table 5.4.  SCFA concentrations in pH-controlled batch cultures at 0, 5, 10 and 24 h. Mean values were 
calculated from experiments carried out using fresh faecal samples from four healthy human donors. .... 97 
Table 6.1. Commercial β-galactosidases employed in this work. ............................................................ 107 
Table 6.2. Carbohydrate composition of UHT skim milk treated with 0.1% of several β-galactosidases at 
different temperatures, at the point of maximum GOS concentration. ................................................... 111 
Table 7.1. Effect of the source of alginate on the immobilization by entrapment of A. aculeatus 
fructosyltransferase .................................................................................................................................. 125 
Tabla 8.1. Características generales de las β-galactosidasas empleadas en los capítulos 2, 3 y 4. .......... 136 
Table 8.2. Resumen de los estudios cinéticos llevados a cabo con diferentes β-galactosidasas a 40°C 
empleando lactosa 400 g/l (34.7% p/p) como sustrato en todas las reacciones. ....................................... 138 
Tabla 8.3. Resumen de los resultados obtenidos cuando la concentración de GOS es máxima con 
diferentes β-galactosidasas con una dosificación del 0.1% (v/v) empleando leche semidesnatada como 
sustrato a 40°C y 4°C, respectivamente. .................................................................................................. 145 
Tabla 8.4. Propiedades texturales y contenido en agua de biocatalizadores tipo DALGEE ................... 151  
Tabla 8.5. Características de los diferentes tipos de alginato ensayados y rendimientos de inmovilización 
referidos a la actividad enzimática. .......................................................................................................... 154 
Tabla 8.6. Características de los diferentes tipos de alginato ensayados y rendimientos de inmovilización 
referidos a la actividad enzimática ........................................................................................................... 154 
XIII 
 
ABREVIATURAS 
ADNr  Ácido desoxiribonucleico ribosómico 
AGCC  Ácidos Grasos Cadena Corta 
ANOVA  Unvariate Analysis of Variance 
ARNr  Ácido ribonucleico ribosómico 
B-GOS  Bimuno-GOS 
BMOs  Bovine Milk Oligosaccharides 
BSA  Bovine Serum Albumin 
B&R  Britton-Robinson buffer 
CDAP  1-cyano-4-(dimethylamino)-pyridinium tetrafluoroborate 
CETC  Colección Española de Cultivos Tipo 
COSY  Correlation spectroscopy 
CLEAs  Cross-Linked Enzyme Aggregates 
CLECs  Cross-Linked Enzyme Crystals 
CPC  Controlled Pore Carrier 
CSIC  Consejo Superior de Investigaciones Científicas 
DALGEE Dry ALGinate Entrapped Enzymes 
DGGE  Denaturing Gradient Gel Electrophoresis 
DNS  Dinitrosalicylic acid 
EC  Enzyme Commision 
ELSD  Evaporative Light Scattering Detector 
FISH  Fluorescent In Situ Hybridization 
FITC  Fluorescein isothiocyanate 
FOS  Fructo-oligosacáridos 
Fn  Oligofructosa 
Fru  Fructosa 
G  Ácido α-L-gulurónico 
Gal  Galactosa 
Glc  Glucosa 
GF  Sacarosa 
GFn   Fructo-oligosacárido de grado de polimerización n 
GH  Glycoside Hydrolase family 
GOS  Galacto-oligosacáridos 
GRAS  Generally Recognized As Safe 
GP  Grado de Polimerización 
HFA  Human Flora Associated 
HILIC  Hydrophilic Interaction Liquid Chromatography 
HMOs  Human Milk Oligosaccharides 
HPLC  High Performance Liquid Chromatography 
HMQC  Heteronuclear Multiple Qantum Correlation 
HPAEC  High Performance Anion Exchange Chromatography 
ICP  Instituto de Catálisis y Petroleoquímica 
IMOS  Isomalto-oligosacáridos 
IBD  Inflammatory Bowel Disease 
Lact  Lactosa 
M  Ácido β-D-manurónico 
XV 
 
MALDI  Matrix-Assisted Laser Desorption/Ionization 
MS  Mass Spectrometry 
NDOs  Non Digestible Oligosaccharides 
NMR  Nuclear Magnetic Resonance 
NOESY  Nuclear Overhauser Effect Spectroscopy 
ONP  o-nitrofenol 
ONPG  o-nitrofenil-β-D-galactopiranósido 
P   Valor estadístico de probabilidad 
PAD  Pulsed Amperometric Detector 
p/p (%)  Porcentaje en peso / peso 
PVDF  Fluoruro de polivinildieno 
RD  Real Decreto 
RMN  Resonancia Magnética Nuclear 
PCR   Polymerase Chain Reaction 
SBET  Superficie específica Brunauer-Emmet-Teller 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel 
SEM  Scanning Electron Microscopy 
SIDI  Servicio InterDepartamental de Investigación 
SPSS  Statistical Package for the Social Science 
TOCSY  Total correlation spectroscopy 
TRIS  2-amino-2-hidroximetil-1,3-propanodiol 
TTC  Cloruro de 2,3,5-trifeniltetrazolio 
SCFA  Short Chain Fatty Acids 
SI  Selectivity Index 
SOS  Oligosacáridos de soja (Soybean-oligosaccharides) 
UAM  Universidad Autónoma de Madrid 
UFC  Unidades Formadoras de Colonias 
UHT  Ultra-High Temperature 
UV  Ultravioleta 
V-GOS  Vivinal-GOS 
v/v (%)  Porcentaje en volumen / volumen 
XOS  Xilo-oligosacáridos 
 
 
  
 
 
SUMMARY 
 
 
 
 
 
 
 
 
 
 
  Prebiotics are selectively fermented ingredients that allow specific changes in composition and/or 
activity in the gastrointestinal microflora that confer benefits upon host well-being and health. In this 
field, the attention is mainly focused on fructo-oligosaccharides (FOS) and galacto-oligosaccharides 
(GOS) due to their current use in many foods and their importance in human health. 
Human milk oligosaccharides (HMOs) supply all the nutritional needs to the baby and they are 
essential to the proper development and growth of the neonate. Their components provide bioactive 
compounds that confer protection against pathogens and diseases, modulate the immune system, 
stimulate desired bacteria like Bifidobacterium and Lactobacillus, influence in cognitive development, and 
establishment of the intestinal microbiota. Due to the complexity of these HMOs, it is a common practice 
the supplementation of FOS/GOS in infant formulas as alternative sources of prebiotic ingredients to 
provide similar bifidogenic effects to breast fed babies.  
In this work several enzymes were studied for their use in prebiotic oligosaccharide production; 
three β-galactosidases from Kluyveromyces lactis, Bacillus circulans and Aspergillus oryzae for GOS 
synthesis and one β- fructofuranosidase from Aspergillus aculeatus for FOS production. The major 
products synthesized by B. circulans β-galactosidase contained only β(1→4) bonds, whereas the enzyme 
from K. lactis and A. oryzae displayed a clear tendency to form β(1→6) linkages. B. circulans and K. 
lactis β-galactosidases produce nearly 45-50% (w/w) GOS, whereas the A. oryzae enzyme produced less 
than 30% (w/w) GOS. Regarding product distribution, B. circulans enzyme synthesized the highest 
amount of trisaccharides whereas K. lactis and A. oryzae would be a better choice to synthesize a product 
with content in di- and trisaccharides. The β-fructofuranosidase from Aspergillus aculeatus formed 
basically a mixture of 1-kestose, nystose and 1F-fructosylnystose. 
It is reported that the chemical structure of the obtained oligosaccharides (composition, number of 
hexose units and types of linkages between them) may affect their fermentation pattern by probiotic 
bacteria in the gut. To verify this effect, fermentation selectivity of some purified carbohydrates, with 
different polymerization degree and distribution, was estimated using in vitro fermentation systems 
inoculated with human fecal slurries. Changes in bacterial populations were measured by fluorescence in 
situ hybridization (FISH) and HPLC analysis of short-chain fatty acids (SCFA) produced by 
oligosaccharide fermentation. All of the tested GOS could be considered bifidogenic under the assayed 
conditions with selectivity index (SI) slightly lower to that determined for a commercial GOS mixture. 
A challenging objective of this work was to obtain milk with a low content of lactose and a 
significant amount of GOS. GOS concentration obtained with K. lactis β-galactosidase using skim milk 
was close to the HMOs content in breast milk. Pasteurization after controlled enzymatic treatment could 
result in a product with a low lactose content and with the extra benefit of a significant presence of 
prebiotic GOS. 
 In order to scale-up the processes to synthesize prebiotic oligosaccharides, immobilization in 
calcium alginate gel beads was successfully performed for both β-galactosidase from B. circulans and β- 
fructofuranosidase from A. aculeatus. The controlled dehydration of alginate beads resulted in novel 
biocatalysts (DALGEEs, Dry ALGinate Entrapped Enzymes) with improved properties with respect to 
the wet beads. DALGEEs displayed higher volumetric activity, reduced volume and better storage. The 
operational stability of DALGEEs containing β-fructofuranosidase in a fixed-bed reactor was 
extraordinary with a nearly constant FOS composition during 700 h. 
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1.1.    Importancia de los oligosacáridos de la leche materna 
La leche materna humana está compuesta por una mezcla compleja de grasas, proteínas, 
enzimas, anticuerpos, nutrientes y una gran diversidad de carbohidratos no digeribles que 
proporcionan una protección inmunológica a los bebés en sus primeros meses de vida (Zivcovik
 et al. 2011). A lo largo de los últimos años se ha avanzado considerablemente en el 
conocimiento de las necesidades nutricionales del recién nacido y de la composición de la leche 
materna. Esto ha permitido la identificación de un gran número de principios bioactivos tales 
como los oligosacáridos y nucleótidos, dando lugar a su incorporación en las fórmulas infantiles 
preparadas para asemejarse lo más posible a la leche materna y por tanto aportar beneficios 
similares. La composición dinámica de la misma se adapta a los requerimientos nutricionales 
del bebé produciéndose la parte más líquida con gran cantidad de lactosa al principio, y 
posteriormente, se produce mayor aporte calórico procedente de las grasas.  
Los componentes más destacados de la leche 
materna son: la lactosa (60 g/l), principal carbohidrato, 
que junto con la grasa suministra la energía necesaria 
para el normal crecimiento y desarrollo del bebé; los 
lípidos (40 g/l) que representan el mayor aporte 
calórico y son fuente de ácidos grasos esenciales 
favoreciendo la absorción de vitaminas liposolubles. 
Éstos están compuestos en un 98% por triglicéridos: los 
ácidos grasos más abundantes son el ácido oleico (18:1, 
ω9, 32.8%), el palmítico (16:0, 22.6%), el ácido linoleico 
(18:2, ω6, 13.6%), y los ácidos araquidónico y 
docosahexaenoico que predominan en el cerebro y 
retina. En tercer lugar se encuentran los oligosacáridos 
(Fig. 1.1), cuya concentración en el calostro es de 15-23 
g/l y en la leche madura entre 8-12 g/l  (Cilla et al. 2012; 
Macfarlane et al. 2008; Agostoni et al. 2004), siendo la 
galactosa el componente mayoritario. Además, la leche 
materna contiene, entre otros, componentes 
nitrogenados tales como la caseína o las proteínas del 
suero, proteínas mayoritarias como lactoferrina e IgA secretoria, multitud de enzimas como la 
lisozima o la lipasa, la taurina, minerales y vitaminas. Por otro lado, la leche de vaca utilizada 
en los preparados infantiles contiene menos de 1 g/l de oligosacáridos, cantidad muy inferior a 
la leche materna (Moreno-Villares 2010). Estos oligosacáridos de la leche materna (HMOs, 
Human Milk Oligosaccharides, Fig. 1.2) están compuestos por una combinación de bloques 
formados por D-glucosa, D-galactosa, ácido N-acetil-neuramínico (ácido siálico/ Neu5Ac), L-
Fig. 1.1. Representación de HMOs 
(Human Milk Oligosaccharides) de la 
leche materna. 
(www.pediatriabasadaenpruebas.com) 
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fucosa y N-acetil-glucosamina (Kunz et al. 2000; Barile y Rastall 2013) incluyendo un núcleo de 
lactosa en el extremo reductor. Son sintetizados en la glándula mamaria por enzimas 
glicosiltransferasas.  
Human Milk
Oligosaccharides (HMOs)
Fructo-oligosacáridos
(Oligofructosa)
Galacto-oligosacáridos
Lacto-N-biosa o lactosamina
n= 3-15
Lacto-N-tetraosa
Lactosa
α(1→2), α(1→3), α(2→6), β(1→4)
n= 2-10
D-fructosil Sacarosa
n= 2-6
β(2→1) α(2→1)
β(1→3/4/6) β(1→4)
Fucosa Neu5Ac N-acetil-
glucosamina Galactosa Glucosa Fructosa
α(1→4/3), α(2→3/6), β(1→3/4), β(1→3/6)
 
Fig. 1.2. Estructuras básicas de HMOs, que presentan mayor complejidad estructural que los FOS y GOS. 
Neu5Ac: ácido N-acetil-neuramínico (adaptado de Sela y Mills 2010). 
La composición de los oligosacáridos presentes en la leche materna (HMOs) es muy 
compleja dada la diversidad estructural de posibles combinaciones de monosacáridos y 
formación de enlaces; así, difieren entre sí en tamaño, carga y abundancia (Niñonuevo et al. 
2005). Hasta el momento, han sido identificados casi doscientos HMOs, de los cuales ochenta 
han sido caracterizados estructuralmente tratándose mayoritariamente de oligosacáridos 
fucosilados neutros (Bruce German et al. 2008). Teniendo en cuenta el acceso limitado a estos 
HMOs, se abren muchas líneas de investigación con el objetivo de encontrar vías alternativas a 
partir de oligosacáridos presentes en leche bovina (BMOs, Bovine Milk Oligosaccharides) dado 
que tienen similitudes en sus estructuras. Comercialmente, se están utilizando varias estrategias 
para acercarse a la complejidad estructural de estos HMOs empleando estructuras más simples 
como son los fructo-oligosacáridos (FOS) y los galacto-oligosacáridos (GOS), los cuales poseen 
efectos bifidogénicos semejantes a los que recibirían los lactantes alimentados con leche 
materna. Aunque estas estructuras simples han demostrado ser efectivas como sustratos 
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bifidogénicos sustitutos de estos HMOs, son estructuralmente muy diferentes a los BMOs y 
HMOs (como muestra la Fig. 1.2) considerando que éstos últimos pueden ser ramificados con 
elementos estructurales de fucosa, N-acetilglucosamina y ácido siálico, ausentes en FOS y GOS 
(Zivkovic y Barile 2011). Hay numerosos estudios acerca del efecto bifidogénico en fórmulas 
infantiles preparadas que adicionan una mezcla de prebióticos: 90% GOS de cadena corta con 
10% FOS de cadena larga (Moro et al. 2002; Fanaro et al. 2005; Salvini et al. 2011; Arslanoglu et al. 
2008), de forma que esta combinación tiene una distribución de tamaño molecular similar a la 
de la fracción neutra de los HMOs; y otros tantos que adicionan únicamente GOS (Ben et al. 
2004; Fanaro et al. 2009) dada la gran cantidad de galactosa presente en la leche materna y su 
efecto bifidogénico demostrado (Sako et al. 1999). Los estudios clínicos realizados hasta el 
momento parecen indicar que los preparados suplementados con estos oligosacáridos poseen 
un efecto positivo sobre la microbiota, producen deposiciones más blandas y frecuentes, y un 
posible efecto beneficioso relacionado con la disminución de episodios infecciosos y 
manifestaciones alérgicas. 
Tabla 1.1. Oligosacáridos en leche materna, leche bovina y preparados para lactantes (1) y de 
continuación (2) comercializados en España (Cilla et al. 2012). 
Fórmula a FOS (g/100 ml) GOS (g/100 ml) 
Leche materna HMOs: 0.80 - 1.20 b 
Leche bovina BMOs < 0.10 
Almirón 1/2 0.06 / 0.06 0.54 / 0.54 
Aptamil 1/2 0.08 / 0.08 0.72 / 0.72 
Blemil Plus Forte 1/2 - / - 0.80 / 0.40 
Enfalac Premium 1/2 - / - 0.20 / 0.21 
Hero Baby  1/2 - / - 0.30 / 0.30 
Miltina Plus 1 / Progress 2 - / - 0.50 / 0.53 
Milupa 1/2 0.06 / - 0.54 / 0.60 
NAN 1 / NAN Excel 2 - / - - / - 
Nativa 1/2 - / - - / - 
Nidina Premium 1 / Nidina Confort 2 - / - - / - 
Normolact Premium 1/2 - / - - / c 
Novalac Premium 1/2 - / - 0.30 / 0.40 
Nutribén Natal 1 / Continuación 2 - / - 0.40 / 0.38 
Puleva Peques 1/2 - / - 0.52 / 0.52 
Sanutri Natur 1/2 - / - - / - 
Similac 1/2 - / - - / - 
   a Se emplea 1 / 2 para indicar la leche de inicio / leche de continuación en cada una de las marcas comerciales. 
 b Intervalo correspondiente a los oligosacáridos presentes en la leche materna (HMOs). 
c Indica su presencia en el etiquetado pero no especifica cantidad.  
Con el objeto de obtener los mismos beneficios para la salud y teniendo en cuenta que la 
leche materna es el alimento ideal para el adecuado crecimiento, desarrollo y salud del bebé, 
hoy en día se suplementan los preparados infantiles con oligosacáridos y nucleótidos. En la 
Tabla 1.1 se muestran los contenidos (o en su defecto, presencia o ausencia) de oligosacáridos 
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presentes en leche humana, leche bovina y en varios preparados infantiles comercializados en 
España (Cilla et al. 2012). En Europa se pueden añadir galacto-oligosacáridos (GOS) y fructo-
oligosacáridos (FOS), considerados como ingredientes opcionales, a los preparados para 
lactantes según la Directiva 2006/141/CE (Directiva 2006/141/CE) y mediante el Real Decreto 
867/2008, de 23 de mayo (RD 867/2008), por el que se aprueba la reglamentación técnico-
sanitaria específica de los preparados para lactantes y de continuación, de forma que su 
contenido no sea superior a 8 g/l para GOS/FOS. Esta combinación de FOS y GOS favorece el 
desarrollo de una flora intestinal que se asemeja a la de los lactantes de leche materna con 
predominio de especies bacterianas como Bifidobacterium y Lactobacillus. 
1.2.    Microbiota intestinal 
El tracto digestivo representa la mayor superficie de contacto con el medio externo 
representando aproximadamente 300 m2 (Björksten 2006), cantidad muy superior a la 
correspondiente a nuestra piel, unos 2 m2, y tres veces superior a la superficie de nuestros 
pulmones, por lo que desempeña un papel importante en la salud del individuo. La 
importancia de la microbiota intestinal estriba en que tanto la multitud de especies bacterianas 
que alberga como sus actividades biológicas contribuyen a la salud o al desarrollo de 
enfermedades. La microbiota es necesaria debido a que actúa como defensa del organismo 
humano y favorece los procesos de digestión y metabólicos. 
El tracto gastrointestinal de un bebé en su etapa gestacional es estéril, y en el mismo 
momento del nacimiento empieza a ser colonizado por los primeros microorganismos tanto 
maternos como del medio ambiente externo (Harmsen et al. 2000). Los niños nacidos de parto 
vaginal son colonizados por microorganismos de origen intestinal, vaginal y cutáneo maternos 
estableciéndose primeramente los anaerobios facultativos (bacterias entéricas, enterococos y 
estafilococos), y, a continuación los anaerobios estrictos: Bifidobacterium y Bacteroides; sin 
embargo, los nacidos por cesárea no contactan con la flora vaginal y por tanto se retrasa la 
colonización intestinal (Ruemmele et al. 2009). La microbiota intestinal de los bebés lactantes 
amamantados tiene un papel esencial en la función intestinal y en el desarrollo del sistema 
inmune albergando niveles mayores de Bifidobacterium (80-90%) que aquellos alimentados con 
fórmulas infantiles (40-60%) dado que éstos últimos tienen una flora más diversificada que 
contiene Bifidobacterium pero está compuesta principalmente por Bacteroides (Mackie et al. 1999; 
Mountzouris et al. 2002). Esto se debe a la capacidad que poseen los lactantes para utilizar los 
oligosacáridos presentes en la leche humana (HMOs) (Rastall 2009; Shen et al. 2011), a los cuales 
se les atribuye efectos tales como estimular el crecimiento de Bifidobacterium y Lactobacillus, y 
reducir tanto el pH fecal como la presencia de patógenos (Boehm et al. 2005). 
La leche materna es también una fuente de bacterias comensales o probióticos que 
colaboran en mantener una microbiota determinada. Las bacterias presentes son de los géneros 
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Staphylococcus, Streptococcus, Lactobacillus, Bifidobacterium e incluso contiene ciertas bacterias 
Gram negativas como Escherichia coli. La flora intestinal evoluciona durante los primeros dos 
años de vida tanto en proporción relativa como en composición bacteriana como se muestra en 
la Fig. 1.3, y varía a lo largo de nuestra vida tendiendo a mantenerse estable. Es importante 
establecer una flora intestinal adecuada durante el período de lactancia dado que puede 
persistir hasta la etapa adulta (Salminen et al. 2006). 
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L
og
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Grupo II
Grupo III
Bacteroides, Eubacterium, Peptococcaceae
Bifidobacterium
Escherichia coli, Streptococcus
Lactobacillus
Clostridium perfringens
 
Fig.1.3. Cambios de la flora intestinal desde el nacimiento hasta la vejez (adaptado de Mitsuoka 1996). 
Estas bacterias presentes en el tubo 
digestivo pueden clasificarse en bacterias con 
efectos beneficiosos (Bifidobacterium, 
Lactobacillus), bacterias con efectos tóxicos y/o 
patógenos (Pseudomonas, Proteus, 
Staphylococcus, Clostridium, Veillonela) y 
aquellas oportunistas que pueden ser 
potencialmente beneficiosas o patógenas 
pertenecientes a los géneros Enterococcus, E. 
coli, Streptococcus y Bacteroides (Tannock 1994) 
mostrándose un esquema en la Fig. 1.4. 
La microflora o microbiota intestinal se 
define como un complejo ecosistema dinámico 
de especies microbianas residentes en el 
intestino humano, el cual es colonizado por un 
gran número de bacterias. Como puede 
observarse en la Figura 1.5 estos 
microorganismos van aumentando su 
concentración desde la boca hasta el recto 
Fig. 1.4. Representación de algunas especies 
bacterianas en la microbiota intestinal (adaptado 
de Gibson y Roberfroid 1995). 
Ps. aeruginosa
Proteus
Staphylococcus
Clostridium
Veillonela
Lactobacillus
Bifidobacterium
Bacterias beneficiosas Bacterias perjudiciales
Enterococcus
Streptococcus
Bacteroides
Eubacterium
E. coli
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siendo máxima en el colon con aproximadamente 1012 UFC (Unidades Formadoras de Colonias) 
por gramo de contenido intestinal. El colon está habitado por unas cuatrocientas especies 
bacterianas (Fuller 1989) y se divide en colon ascendente o proximal, colon transversal, colon 
descendente o distal y colon sigmoidal. Las bacterias presentes tienen actividades fluctuantes en 
función de la disponibilidad de sustrato, pH, potencial redox y distribución en el colon 
(Cummings y Macfarlane 1991). Así, los microorganismos residentes en el colon proximal 
tienen un suministro abundante de nutrientes provenientes de la dieta de modo que crecen 
muy rápido causando una disminución del pH. Sin embargo, en el colon distal la 
disponibilidad de sustrato es menor, las bacterias crecen más lentamente y el pH se acerca a la 
neutralidad (Gibson y Rastall 2006). 
COLON DISTAL/descendente:
pH neutro
Proteolítico
Poca fermentación de carbohidratos
Población bacteriana más estática
COLON PROXIMAL/ascendente:
pH 5-6
Sacarolítico
Alta fermentación de carbohidratos
Elevada velocidad de crecimiento bacteriano
Boca
Peptostreptococcus
Fusobacterium
Bacteroides
Estómago  <103 UFC/ml
Streptococcus
Staphylococcus
Lactobacillus
Algunos hongos
Duodeno 103 -104  UFC/ml
Streptococcus
Staphylococcus
Lactobacillus
Íleon 106 -1010  UFC/ml
Coliformes
Bacteroides
Bifidobacterium
Clostridium
Colon 1011 -1012  UFC/ml
Bacteroides, Bifidobacterium
Clostridium, Enterococcus
 
Fig. 1.5. Esquema de los microorganismos característicos de las distintas secciones del tracto 
gastrointestinal (adaptado de Mayo y Delgado 2003), y, de las regiones del colon humano con sus 
correspondientes actividades bacterianas y diferencias fisiológicas (adaptado de Cummings y Macfarlane 
1991). 
Las funciones metabólicas de la microbiota intestinal consisten en la fermentación de 
sustratos dietéticos no digeribles. En concreto, la fermentación de los hidratos de carbono es 
una importante fuente de energía para la proliferación bacteriana en el colon y produce ácidos 
grasos de cadena corta (AGCC). Mediante esta acidificación se favorece la absorción de 
minerales como Fe, Mg y Ca (Vrese y Schrezenmeir 2008). La actividad metabólica también 
incluye la producción de algunas vitaminas tales como vitamina K, B12, biotina, ácido fólico, 
ácido pantoténico, y la síntesis de aminoácidos a partir de amoniaco o de urea (Guarner 2002).  
Son muchos los factores que pueden influir sobre los niveles de estas poblaciones microbianas 
alterando el equilibrio bacteriano de la flora intestinal tales como la dieta, el estrés, malos 
hábitos, administración de antibióticos, etc (Ottman et al. 2012). Recientemente, en un estudio 
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llevado a cabo con 22 individuos clasificaron 3 enterotipos humanos caracterizados por su 
microbiota intestinal: enterotipo 1, donde predominan Bacteroides; enterotipo 2, dominando la 
especie Prevotella; y enterotipo 3, con mayor proporción de Ruminococcus. Estos enterotipos 
parecen venir determinados fundamentalmente por la dieta a largo plazo (Arumugam et al. 
2011). Lo fundamental es mantener un equilibrio entre las distintas especies bacterianas 
evitando la excesiva proliferación de aquellas potencialmente patógenas y obtener así una 
microflora intestinal sana (Zoppi 1997). Este equilibrio se puede restablecer mediante la ingesta 
de alimentos funcionales, o bien microorganismos vivos probióticos o bien mediante el 
consumo de oligosacáridos prebióticos (Gibson et al.  2000). 
1.3.    Alimentos funcionales: prebióticos, probióticos y simbióticos 
Los alimentos funcionales son aquellos que proporcionan un efecto beneficioso sobre 
una o varias funciones específicas del ser humano más allá de los efectos nutricionales 
habituales (Diplock 1999) de forma que se traduzca en una mejora de la salud del individuo y/o 
la reducción del riesgo de enfermedad (Howlett 2008). Algunos ejemplos de alimentos 
funcionales son: fibra dietética, prebióticos, probióticos, ácidos grasos, péptidos bioactivos, 
antioxidantes naturales, vitaminas, minerales, fitoesteroles y fitoestanoles. Para ayudar al 
restablecimiento del equilibrio intestinal asociado a un estado saludable se encuentran los 
denominados probióticos, prebióticos y simbióticos (Roberfroid 2000). 
Los probióticos se definen como microorganismos exógenos vivos que resisten a la 
digestión normal alcanzando el colon e influyendo así de manera positiva en la composición de 
la microflora intestinal (Fuller 1989). Este tipo de alimentos se comercializan en formatos muy 
variados, desde yogures o leches fermentadas hasta comprimidos de venta al público. Los 
principales probióticos utilizados en humanos son los Lactobacillus y Bifidobacterium. 
Los prebióticos son ingredientes que son selectivamente fermentados por la microflora 
intestinal provocando cambios específicos tanto en su composición como en su actividad 
aportando efectos beneficiosos sobre la salud humana (Roberfroid 2007). Su consumo produce 
un aumento en la proporción de bacterias beneficiosas como Bifidobacterium y Lactobacillus 
frente a otras especies mostrando una mejora en la salud del individuo (Gibson 1995).                                          
Los simbióticos resultan de la combinación de probióticos y prebióticos en un mismo 
producto para mejorar la supervivencia e implantación de los microorganismos en el tracto 
gastrointestinal (Collins y Gibson 1999; Vrese y Schrezenmeir 2008). 
La adición de este tipo de alimentos funcionales a nuestra dieta aporta beneficios para la 
salud como por ejemplo:  
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 resistencia frente a patógenos, provocando una reducción de las infecciones 
intestinales y evitando problemas de estreñimiento (Saad et al. 2013). 
 estimulación del sistema inmune, lo que se refleja en la disminución de alergias 
(Moro et al. 2006) y en la disminución de procesos de enfermedad inflamatoria del 
intestino: incluye tanto la enfermedad de Crohn como la colitis ulcerosa 
(Macfarlane et al. 2008; Cummings et al. 2003). 
 mejora de la digestibilidad de productos lácteos teniendo en cuenta que hoy en día 
se dan muchos casos de intolerancia a la lactosa. La mucosa del intestino delgado 
no sintetiza la lactasa, enzima que se encarga de hidrolizar el enlace glicosídico 
separando el disacárido en sus monómeros (Vrese y Schrezenmeir 2008). 
 prevención de cáncer de colon debido al incremento de bacterias probióticas. Esto 
parece tener efecto en la disminución de enzimas genotóxicas que catalizan en el 
intestino la formación de compuestos cancerígenos (Burns y Rowland 2009; Saad et 
al. 2013). 
1.4.    Prebióticos 
Dentro de los alimentos funcionales que permiten modificar la microflora intestinal, la 
mayor ventaja del uso de prebióticos es la adición de los mismos a una gran diversidad de 
alimentos de forma sencilla y sin necesidad de manejar organismos vivos. Además son solubles 
en agua, tienen poder edulcorante, son resistentes a altas temperaturas y poseen buenas 
propiedades organolépticas.  
Para ser efectivo un prebiótico debe ser indigerible siendo específicamente fermentado 
en el colon, de forma que provoca cambios tanto en la composición como en la actividad de la 
microflora intestinal mejorando el estado de salud del individuo (Roberfroid 2007). Los 
requisitos para considerar un alimento como prebiótico son los siguientes: 
 No debe ser hidrolizado, absorbido ni digerido en el tracto gastrointestinal 
superior. 
 Debe ser fermentable parcial o totalmente por la microflora intestinal. 
 Debe ser sustrato de una o varias bacterias beneficiosas estimulando 
selectivamente su crecimiento y/o actividad favoreciendo así el equilibrio de la 
microbiota. 
Las acciones beneficiosas más destacadas de estos prebióticos se deben a la presencia de 
una flora predominantemente bifidogénica: 
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• Acción inmunoprotectora: una flora microbiana con mayor cantidad de 
bifidobacterias  está relacionada con una mejora en el sistema inmunitario. 
• Acción metabólica: fermentación bacteriana de los carbohidratos en el intestino 
con producción de ácidos grasos de cadena corta (AGCC). 
• Acción nutricional: las bifidobacterias favorecen la síntesis de algunas vitaminas 
como B6, B12, ácido fólico, ácido nicotínico, etc. También favorecen a través de la 
fermentación la absorción de Ca, Mg, Fe y Zn. 
Los prebióticos más estudiados son los glúcidos o carbohidratos, especialmente los 
oligosacáridos y polisacáridos. Los oligosacáridos pueden ser de distinta naturaleza según el 
tipo de monosacáridos y el tipo de enlaces glicosídicos que conformen su estructura. 
En la Tabla 1.2 se detallan los carbohidratos aceptados como prebióticos hasta el 
momento. Los fructanos tipo inulina se encuentran en numerosas especies vegetales, la 
oligofructosa se obtiene de la hidrólisis parcial de la inulina, los FOS y GOS a partir de la 
síntesis enzimática de sacarosa y lactosa, respectivamente, y la lactulosa se obtiene 
industrialmente por isomerización de la lactosa. 
Tabla 1.2. Clasificación de carbohidratos aceptados como prebióticos (Roberfroid 2007). 
Prebiótico Estructura 
Grado de 
polimerización 
Nombre 
comercial 
Producción 
(Tm/año) 
Enzima utilizada 
Inulina (Fru)n-Glc n = 2-60 Raftiline > 20.000 Extracción directa 
FOS 
Oligofructosa 
(Fru)n-Glc n = 2-9 Actilight 
Raftilosa 
12.000 
Fructosiltransferasa 
Inulinasa 
GOS 
(Gal)n-Glc 
ó (Gal)n 
n = 2-5 Oligomate 50 15.000 β-Galactosidasas 
Lactulosa Gal-Glc - MLS-50 20.000 Catalizador básico 
 
 
1.5.    Determinación del efecto prebiótico 
La fermentación parcial de estos oligosacáridos prebióticos en el colon produce 
mayoritariamente AGCC, principalmente ácidos butírico, propiónico, L-láctico y acético, y 
adicionalmente se liberan gases tales como hidrógeno, dióxido de carbono y metano 
(Cummings y Macfarlane 1997). Estos AGCC son rápidamente absorbidos por la mucosa 
intestinal proporcionando energía que las bacterias utilizan para el crecimiento y 
mantenimiento de la función celular de forma que influye en muchos aspectos del metabolismo  
(Cummings y Macfarlane 1991). La acidificación de este medio colónico inhibe el crecimiento de 
Bacteroides, Clostridium y Coliformes (Roberfroid  2001) de manera que esta reducción del pH 
luminal se traduce en una protección frente a patógenos y facilita la solubilización de calcio y 
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magnesio favoreciendo así la absorción de minerales (Roberfroid et al. 2002). En la Fig. 1.6 se 
muestra un esquema de algunos efectos derivados de estos mecanismos tras la fermentación 
bacteriana por la microflora intestinal. 
Luz intestinal Mucosa colónica Hígado
AGCC
Fermentación
Reducción pH
Proliferación 
Bifidobacterium y 
Lactobacillus
Acetato
Propionato
Butirato
Prebióticos
Acetil-CoA
Propionil-CoA
(+) Energía
(+) Absorción Na+ y H2O
(+) Crecimiento y diferenciación colonocitos
(-) Crecimiento células tumorales
(+) Integridad mucosa
 
Fig. 1.6. Efectos derivados de la producción de AGCC tras la fermentación bacteriana por la microflora 
intestinal facilitando (+) o inhibiendo (-). 
El ácido butírico, propiónico y láctico favorecen el crecimiento y la diferenciación de las 
células epiteliales. El ácido butírico desempeña un papel esencial en el mantenimiento de los 
colonocitos (células de la pared intestinal en el colon) constituyendo una importante fuente 
energética, muy importante para las células del epitelio (Gibson et al. 2004). El ácido propiónico 
es absorbido y llega al hígado por vía de la vena porta inhibiendo la lipogénesis hepática 
(Wolever et al. 1991). El ácido acético generado en el intestino se transfiere a la sangre donde es 
metabolizado por las células de tejidos periféricos como músculo, riñón, corazón y cerebro 
(Cummings y Macfarlane 1997). Una parte de los AGCC es eliminada a través de las 
deposiciones y la otra es utilizada por las bacterias para su propio metabolismo. 
Durante el metabolismo sacarolítico en el colon se producen principalmente acetato, 
propionato y butirato pero también constituyen productos destacados el lactato, etanol, 
succinato, formato, valerato y caproato. Las relaciones molares de estos AGCC dependen del 
tipo de sustrato fermentado. La microflora intestinal además tiene una elevada actividad 
proteolítica lo cual se traduce en la producción de AGCC ramificados tales como isobutirato e 
isovalerato pero también otros metabolitos como amoniaco, fenoles, indoles y aminas que 
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pueden ser potencialmente tóxicos para el huésped (Salminen et al. 1998). La Tabla 1.3 muestra 
posibles destinos metabólicos de algunos productos bacterianos finales en el intestino grueso. 
Tabla 1.3. Productos predominantes del metabolismo de carbohidratos en el colon humano (Gibson et al.  
2000). 
Producto Grupo bacteriano Destino metabólico 
Acetato 
Bacteroides, Bifidobacterium, Eubacterium, Lactobacillus, 
Clostridium, Ruminococcus, Peptococcus, Veillonella, 
Peptostreptococcus, Propionibacterium, Fusobacterium, 
Butyrivibrio 
Metabolizado en músculo, 
riñón, corazón y cerebro 
Propionato Bacteroides, Propionibacterium, Veillonella 
Se manifiesta en el hígado; 
inhibe síntesis del 
colesterol 
Butirato 
Clostridium, Fusobacterium, Butyrivibrio, Eubacterium, 
Peptostreptococcus 
Metabolizado por epitelio 
colónico; regulador del 
crecimiento y 
diferenciación celular 
Etanol, 
succinato, 
lactato, 
piruvato 
Bacteroides, Bifidobacterium, Eubacterium, Lactobacillus, 
Clostridium, Ruminococcus, Peptostreptococcus, 
Actinomyces, Enterococcus, Fusobacterium 
Absorbidos; intermediarios 
fermentados a AGCC 
Hidrógeno Clostridium, Ruminococcus, Fusobacterium 
Parcialmente excretado en 
aparato respiratorio; 
metabolizado por bacterias 
hidrogenotróficas 
 
Actualmente, el desarrollo de métodos moleculares ha provisto de nuevas técnicas para 
investigar comunidades microbianas tan complejas como la microflora intestinal humana 
(Furrie 2006) permitiendo la identificación de un gran número de grupos taxonómicos de 
bacterias. Todas las especies bacterianas tienen un gen en común muy conservado, el gen 
ribosomal de la subunidad 16S, y las variaciones de este gen definen estos grupos taxonómicos. 
Estas técnicas se pueden englobar en (Turroni et al. 2008): 
• FISH (Fluorescent In Situ Hybridization) es una técnica que permite la visualización de 
aquellas bacterias que contienen ARNr cuya secuencia hibrida con una sonda 
oligonucleotídica (probe) marcada fluorescentemente con una secuencia 16S ARNr 
específica para cada especie bacteriana. Esta técnica combina la precisión molecular 
con la información visual de microscopio. También se utiliza la técnica de ADN-
microarray utilizando “primers” con el mismo objetivo. 
• DGGE (Denaturing-Gradient Gel Electrophoresis) de fragmentos de ADNr amplificados 
por PCR (Polymerase Chain Reaction) es una técnica de rastreo molecular que permite 
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discernir diferencias o composiciones discretas entre muestras de moléculas de 
complejidad variable (Muyzer y Smalla 1998) pudiendo estimar la distribución de las 
bacterias entéricas. 
• Real-time PCR es una técnica cuantitativa que permite estudiar la composición de 
comunidades bacterianas complejas (Gueimonde et al. 20004). 
• Metagenómica es la ciencia de la diversidad biológica que combina la biología 
molecular con la genética para identificar y caracterizar el material genético de 
entornos microbianos complejos. Permite la secuenciación directa de genomas 
microbianos casi completos a partir de muestras ambientales utilizando librerías 
metagenómicas (Furrie 2006; Del Pozo et al. 2012). 
Para determinar el efecto prebiótico se llevan a cabo diferentes estudios in vitro con 
cultivos puros o mixtos empleando heces humanas o bien in vivo tanto con animales como con 
humanos (Charalampopoulos y Rastall 2009). Algunos de estos trabajos se encuentran 
recopilados en la Tabla 1.4. 
Tabla 1.4. Diferentes tipos de estudios para la determinación del efecto prebiótico empleando diversos 
tratamientos, mayoritariamente con GOS como sustrato (Tzortzis  y Vulevic 2009). 
Tipo de estudio Método Sustrato/ Tratamiento Ref. 
In vitro 
Cultivos puros                    
(“pure cultures”) 
GOS 
Gopal et al. 
2001 
Cultivos mixtos con 
bacterias fecales humanas                    
(“mixed culture”) 
GOS, FOS, IMOS a, inulina, 
lactulosa, SOS b, XOS c 
Rycroft et 
al. 2001 
Modelo artificial intestino 
humano (“gut model”) 
B-GOS d 
Tzorzis et 
al. 2005 
In vivo con animales 
Ratas HFA  
(Human Flora Associated) 
4 semanas; 6 ratas; 5% (p/p)  
Oligomate 
Rowland y 
Tanaka 
1993 
Ratas 204 ratas; 5, 10% (p/p) V-GOS e 
Wijnands et 
al. 2001 
In vivo con humanos 
FISH f 
1 semana; 29 sujetos; 4.9 g/día 
V-GOS  
Depeint et 
al. 2008 
Recuentos en placa de agar 
3 semanas; 12 sujetos; 2.5 g/día 
Oligomate 
Ito et al. 
1993 
Análisis DGGE g 
2 semanas; 10 sujetos; 8.1 g/día 
V-GOS 
Satokari et 
al. 2001 
Recuentos en placa de agar 
4 semanas; 10 sujetos; 2.4 g/día 
BPOligo 
Gopal et al. 
2003 
a IMOS: isomalto-oligosacáridos; b SOS: soybean oligosaccharides; c XOS: xilo-oligosacáridos; d B-GOS: Bimuno-GOS; e V-
GOS: Vivinal-GOS; f  Fluorescent in situ hybridization (FISH); g Denaturing gradient gel electrophoresis  (DGGE). 
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1.6.    Fructo-oligosacáridos (FOS) 
Los fructanos tipo inulina se encuentran en numerosas especies vegetales teniendo alto 
contenido de ellos como se puede observar en la Tabla 1.5. 
Tabla 1.5. Contenido de fructanos en diferentes vegetales (Fernández-Arrojo et al. 2013b). 
Vegetal Especie Contenido en fructanos (%)a 
Achicoria Cichorium intybus 15-24 
Alcachofa de Jerusalén Heliantus tuberosus 14-22 
Camassia Camassia sp. 12-22 
Diente de león Taraxacum officinale 12-15 
Agave Agave spp. 10-24 
Ajo Allium sativum 9-16 
       a % en base a peso seco. 
 
Este tipo de fructanos se clasifican en: inulina, oligofructosa y FOS, todos ellos fructanos 
lineales con propiedades prebióticas debido a la presencia de enlaces glicosídicos entre las 
unidades de fructosa del tipo β(2→1) pudiéndose diferenciar según su estructura química de la 
siguiente manera: 
 Fructanos con baja proporción de glucosa en su estructura: a) Inulina (GFn y Fn; 
2 ≤ n ≤ 60) obtenida por extracción directa de las plantas empleando agua caliente; b) 
Oligofructosa (GFn y Fn; n ≤ 10) obtenida por hidrólisis parcial de inulina. 
 Fructanos con alta proporción de glucosa en su estructura: FOS (GFn; 2 ≤ n ≤10) 
sintetizados enzimáticamente a partir de sacarosa observándose en la Tabla 1.6 algunas de sus 
propiedades. 
Tabla 1.6. Algunas propiedades físico-químicas y fisiológicas de los FOS (Madrigal y Sangronis 2007). 
Propiedades físico-químicas 
Solubilidad en agua a 25°C (g/l) > 750 
Dulzor 40-60% sacarosa 
Apariencia Polvo blanco o jarabe viscoso 
Viscosidad en agua  5% (p/p) (mPa·s) < 1.0 
Estabilidad  Muy estables frente al pH y temperatura: pH > 3.5, < 130 °C.  
Cariogeneidad No cariogénicos  
Propiedades fisiológicas 
Digestibilidad No digestibles pero fermentables estimándose el valor calórico en 
1.5 kcal/g  
Propiedades prebióticas Actividad metabólica y proliferación de bacterias bifidogénicas 
 
Introducción 
16 
 
Fig. 1.7. Estructura de algunos de los principales FOS sintetizados a partir de sacarosa. 
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Los FOS son oligosacáridos de D-fructosa (F) con una D-glucosa (G) terminal en los que 
los grupos fructosilo se unen mediante enlaces glicosídicos β(2→1) formando la serie 1F-FOS. 
Cuando la unión se realiza mediante enlaces β(2→6) se denomina serie 6F-FOS si se trata de una 
fructosa, y 6G-FOS cuando la unión tiene lugar con la glucosa (Plou et al. 2007) representándose 
algunas de estas estructuras en la Fig. 1.7. 
La obtención de FOS se lleva a cabo mediante la síntesis enzimática a partir de sacarosa 
empleando enzimas fúngicas, generalmente del género Aspergillus, aunque es posible controlar 
la naturaleza de los FOS en función de la procedencia de la enzima. Comercialmente, suelen ser 
mezclas de oligosacáridos de diferente grado de polimerización conteniendo mono- y 
disacáridos residuales, y compuestos principalmente por 1-kestosa (GF2), nistosa (GF3) y 
fructosil-nistosa (GFn) (Yun 1996). 
Las enzimas más empleadas para la obtención industrial de FOS son las 
fructosiltransferasas, más concretamente las sacarosa fructosiltransferasas (EC 2.4.1.99), y las β-
fructofuranosidasas (EC 3.2.1.26). La reacción de transfructosilación mediada por estas enzimas 
tiene lugar en dos pasos (Plou et al. 2002) formándose un intermedio fructosil-enzima por unión 
covalente de una molécula de fructosa al centro activo de la enzima y liberándose una molécula 
de glucosa. En el segundo paso se produce un ataque nucleofílico por un carbohidrato que 
actúa como molécula aceptora del fructosilo, dando lugar a la síntesis del FOS correspondiente. 
En caso de que el nucleófilo sea una molécula de agua se forma la fructosa. La preferencia por 
una molécula de agua o de carbohidrato como molécula aceptora viene determinada por la tasa 
transferencia/ hidrólisis de la enzima. Así, se buscan enzimas con elevada tasa de transferencia/ 
hidrólisis, y la preparación del medio de reacción se realiza a elevadas concentraciones de 
sacarosa de forma que se disminuya todo lo posible la actividad de hidrólisis y así obtener 
rendimientos mayores de FOS. 
Actualmente se encuentran en el mercado gran cantidad de estos fructanos tipo inulina 
como se observa en la Tabla 1.7, recomendándose un consumo diario de 10 g/ día (Bouhnik et 
al. 2006). 
Tabla 1.7. Prebióticos tipo inulina comercializados. 
Prebiótico Nombre comercial Empresa Método de obtención 
 Raftiline Beneo Orafti (Bélgica) 
Extracción a partir de 
achicoria 
Inulina Frutafit Sensus (Holanda) 
 Fibruline Cosucra (Bélgica) 
 Raftilose Beneo Orafti 
Hidrólisis parcial de 
inulina 
Oligofructosa Fructalose Sensus 
 Fibrulose  Cosucra 
FOS Actilight 
Beghin Meiji (Japón) 
Tereos (Francia) 
Síntesis enzimática a 
partir de sacarosa 
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1.7.    Galacto-oligosacáridos (GOS) 
Los GOS están clasificados como carbohidratos no digeribles (NDOs, Non Digestible 
Oligosaccharides) resistiendo a los procesos digestivos en estómago e intestino delgado de forma 
que el 90% de los GOS consumidos alcanzan el colon (van Loo et al. 1999). Esta indigestibilidad 
se debe a que los GOS tienen configuración β y las enzimas digestivas gastrointestinales 
humanas son mayoritariamente específicas de enlaces α-glicosídicos (Sako et al. 1999). Los GOS 
están compuestos por monómeros de galactosa unidos por enlace glicosídico, algunos con una 
molécula de glucosa terminal. Difieren entre ellos en su longitud de cadena con un grado de 
polimerización entre 2 y 8, y en el tipo de enlace con que se unen: β(1→2), β(1→3), β(1→ 4) y 
β(1→ 6). En la Figura 1.8 se muestran algunas de las principales estructuras.  
Los efectos beneficiosos que aportan los GOS a la salud, como se comentó en el apartado 
1.4, vienen determinados por dos mecanismos principales; por un lado, mediante la 
proliferación selectiva de bacterias beneficiosas en el intestino, especialmente Bifidobacterium y 
Lactobacillus, se genera una resistencia frente a la colonización de patógenos reduciendo así 
infecciones intestinales y modulando el sistema inmune. El otro mecanismo es la producción de 
AGCC, que es uno de los procesos fisiológicos más importantes mediado por los 
microorganismos colónicos mostrando diversos beneficios para la salud. Estos efectos incluyen 
la reducción del riesgo de cáncer (Rowland y Tanaka 1993), aumento de la absorción mineral, 
control de lípidos en suero y del nivel de colesterol, y reducción de la inflamación IBD 
(Inflammatory Bowel Disease) (Playne y Crittenden 2009). Algunas características generales de 
estos GOS se engloban en la Tabla 1.8. 
Tabla 1.8. Propiedades generales de GOS (adaptado de Macfarlane et al. 2008; Playne y 
Crittenden 2009; Torres et al. 2010; Konar et al. 2011). 
Propiedades físico-químicas 
Solubilidad en agua 80% (p/p) 
Dulzor 30-60 % sacarosa  
Apariencia Translúcidos 
Viscosidad  Similar al jarabe de maíz con alto contenido en fructosa 
Estabilidad  Estable a 160°C / 10 min / pH 7; estable a 100°C / 10 min / pH 2; 
estable a 37°C / meses / pH 2 
Punto de congelación Se ve reducido en alimentos 
Prop. humectante Aumenta capacidad retención humedad para prevenir excesiva 
sequedad 
Actividad de agua Baja actividad H2O reduciendo contaminación microbiana 
Cariogeneidad Bajo potencial para su desarrollo  
Propiedades fisiológicas 
Digestibilidad No digestibles pero fermentables, estimándose el valor calórico 
entre 1-2 kcal/g (Sako et al. 1999) 
Propiedades prebióticas Actividad metabólica y proliferación de bacterias bifidogénicas 
 Capítulo 1 
19 
Gal-β(1→6)-Glc 
Gal-β(1→6)-Gal 
Gal-β(1→4)-Gal-β(1→4)-Glc
Gal-β(1→6)-Gal-β(1→4)-Glc
Gal-β(1→3)-Gal-β(1→4)-Glc
 
Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc
 
Fig. 1.8. Estructura de algunos de los principales GOS sintetizados a partir de lactosa. 
Hoy en día se comercializan en forma de mezclas conteniendo GOS de diferente grado de 
polimerización (GP), lactosa residual, y los monómeros glucosa y galactosa en menor cantidad. 
Algunas de estas mezclas se detallan en la Tabla 1.9 y suelen presentarse como polvo blanco o 
jarabe transparente. Difieren entre ellos tanto en la pureza obtenida como en la formación de 
enlaces debido a las diferentes enzimas empleadas en su producción. Así, Oligomate contiene 
principalmente GOS con enlaces β(1→6); el producto Bimuno contiene β(1→ 3) mientras Cup-
Introducción 
20 
Oligo y Vivinal GOS están formados mayoritariamente por enlaces β(1→4) (Tzortzis y Vulevic 
2009). 
Tabla 1.9. Composición química de algunos GOS comerciales (% p /p materia seca) (Torres et al. 2010). 
Nombre 
comercial 
Glc Gal Lact GP2 GP3 GP4 GP > 4 
Total 
GOS 
Origen 
enzima 
Ref. 
Vivinal 
GOS a 
19-22 0.8-1.3 10-23 19-27 22-23 11 6.0-7.6 57-59 B. circulans I 
Bimuno 
GOS b 
18 12 22 25-29 12-14 6.7-7.7 3.8-4.4 48-55 B. bifidum II 
Purimune c 0-1 0-0.5 7-10 16-21 38-51 25-29 90-92 B. circulans III 
Oligomate 
55 d 
18-39 10-22 15-17 18-24 10-16 2-5.4 50-60 
A. oryzae y S. 
thermophilus 
IV 
Cup-Oligo e 25-30 n.d. n.d. n.d. n.d. 70 C. laurentii V 
TOS-100 d 0 0-1 0 55 33-35 12-14 99-100 
A. oryzae y S. 
thermophilus 
VI 
 
 
 
1.7.1. Síntesis enzimática de GOS 
La síntesis de GOS vía enzimática se puede llevar a cabo empleando enzimas 
glicosiltransferasas (EC 2.4) o glicosilhidrolasas (EC 3.2.1). Las primeras, 
galactosiltransferasas, se caracterizan por una reacción de transgalactosilación altamente regio- 
y estereoselectiva de forma que produce elevados rendimientos de GOS. Sin embargo, su 
utilización a nivel industrial es prohibitiva debido a  su baja disponibilidad y sus elevados 
costes, por lo que las enzimas empleadas, aunque sean menos estereoselectivas, son las 
galactosilhidrolasas (Tzortzis  y Vulevic 2009), más conocidas como β-galactosidasas. 
Los GOS se forman por síntesis enzimática a partir de la lactosa empleando enzimas β-
galactosidasas (E.C. 3.2.1.23), las cuales, catalizan tanto la reacción de hidrólisis como la 
transgalactosilación (Fig. 1.9) de forma que el proceso de formación de GOS viene determinado 
por un balance entre ambas reacciones predominando la formación de enlaces tipo β(1→3), 
β(1→4) y β(1→6) (Hsu et al. 2007; Matella et al. 2006) y produciéndose una serie de di-, tri-, 
(I) Goulas et al. 2007, Coulier et al. 2009, Sinclair et al. 2009; (II) Vulevic et al. 2008, Silk et al. 2009; (III) GTC Nutrition 
2009; (IV) Ito et al. 1990, Sar et al. 2004, Spletchna et al. 2006; (V) Hartemink et al. 1997, Playne y Crittenden 2009; (VI) 
Ito et al. 1990, Rowland y Tanaka 1993.  (n.d.) Información no disponible; GP: Grado de Polimerización. 
a Friesland Foods Domo (Zwolle, Países Bajos); b Clasado Ltd (Milton Keynes, U.K.);  c Corn Products Intl., Inc. (Ill., 
U.S.A.); d Yakult Honsha (Tokyo, Japón); e Nissin Sugar Manufacturing Co. (Tokyo, Japón). 
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tetrasacáridos, y eventualmente GOS de grado de polimerización superior (Park y Oh 2010; 
Torres et al. 2010). Así, los factores que influyen en la síntesis de GOS son el origen de la enzima, 
la concentración del sustrato y las condiciones de reacción, y, sus propiedades dependen de la 
composición química, de la estructura y del grado de polimerización. 
GOS 
(Gal)n- Glc
β (1→6)
β (1→4) 
β (1→3)
β (1→2)
β-galactosidasa
Lactosa
+ OHO
OH
HO
OH
OH
 
Fig. 1.9. Obtención de GOS a partir de la lactosa procedente de la leche o suero lácteo. 
La lactosa es un disacárido (β-D-galactopiranosil-(1,4)-α-D-glucopiranosa) presente en la 
leche de todo mamífero y es extraída de la propia leche o del suero de quesería por procesos de 
separación y purificación, de forma que se puede aprovechar este último como residuo de la 
industria láctea. El contenido de lactosa en la leche bovina se encuentra dentro del intervalo 4.4 
a 5.2% p/v (Ganzle et al. 2008) y el correspondiente al suero varía según el origen de la leche y 
proceso de manufactura. La solubilidad de la lactosa a temperatura ambiente es muy baja pero 
puede verse incrementada a medida que aumenta la temperatura de reacción, por lo que 
generalmente son necesarias elevadas temperaturas (Roos 2009). 
La síntesis de GOS mediante enzimas β-galactosidasas tiene lugar en tres pasos como se 
muestra en la Figura 1.10. Primeramente, se forma un intermedio galactosil-enzima liberando 
una molécula de glucosa. Este intermedio sufre un ataque nucleófilo transfiriéndose a otro 
aceptor con grupo hidroxilo como puede ser una molécula de agua o bien otro carbohidrato. La 
formación de GOS viene determinada por un balance entre ambas reacciones: hidrólisis y 
transgalactosilación. En el caso de soluciones con baja concentración de lactosa se favorecerá la 
hidrólisis con la consecuente formación de galactosa, y a concentraciones elevadas de sustrato, 
la molécula de lactosa actúa de nuevo como aceptor formándose así una serie de GOS con 
diferente grado de polimerización. 
La composición de la mezcla de GOS sintetizados va cambiando con el progreso de la 
reacción dado que durante la transgalactosilación los GOS son simultáneamente sintetizados y 
degradados por las β-galactosidasas (Park y Oh 2010; Splechtna et al. 2006). Por tanto, los GOS 
producidos pueden ser considerados intermedios cinéticos dado que a su vez actúan también 
como sustratos para la hidrólisis, por lo que el rendimiento y la composición es variable con el 
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tiempo de reacción, siendo mezclas de reacción complejas y difíciles de predecir. Así, la 
concentración máxima de GOS puede verse modificada a través de factores que aumenten la 
tasa de síntesis o disminuyan la de degradación. Así pues, uno de los factores clave es la 
concentración inicial de lactosa (Mahoney 1998) de forma que para favorecer la síntesis debe 
haber mayor disponibilidad de sacárido galactosil aceptor y menor disponibilidad de moléculas 
de agua. Otros factores a tener en cuenta son las condiciones de reacción en cuanto a pH y 
temperatura y el origen de la enzima. 
Lactosa
+
E
H2O
Glucosa Galactosa
4´-Galactosil-lactosa
E
O
OH OH
HO
OH
1´
O
O
OH
HO OH
4
OH
+
E
E+
Lactosa
HIDRÓLISIS
TRANSGALACTOSILACIÓN
Enzima
 
Fig. 1.10. Mecanismo de reacción en la síntesis de GOS  mediante β-galactosidasas. 
La identificación total de todos los posibles productos es una ardua tarea dado que si se 
considera la formación de enlaces tipo β(1→2), β(1→3), β(1→4) y β(1→6), el número total teórico 
de GOS lineales sintetizados llega a alcanzar: 7 disacáridos, 32 trisacáridos, 128 tetrasacáridos, 
etc. 
1.7.2. β-Galactosidasas 
Según la clasificación de la Enzyme Commision  (EC), la enzima utilizada para la 
producción de GOS es la enzima β-galactosidasa (E.C. 3.2.1.23): 
EC 3   Hidrolasa 
  EC 3.2   Glicosilasa 
   EC 3.2.1   Glicosidasa 
    EC 3.2.1.23   β-Galactosidasa 
En la base de datos Carbohydrate Active Enzymes (http://www.cazy.org/), que clasifica las 
enzimas de acuerdo a la secuencia de aminoácidos (Cantarel et al. 2009), las β-galactosidasas se 
encuentran en las familias GH (Glycoside Hydrolase) 1, 2, 35 que contienen además otras enzimas, 
y en GH42 formando parte sólo las β-galactosidasas (Henrissat, 1991). 
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La β-galactosidasa puede ser aislada de plantas (melocotón, albaricoque, almendra), de 
tejidos animales (piel, intestino y cerebro) o puede ser de origen microbiano (bacterias, 
levaduras y otros hongos). Aquella con procedencia microbiana muestra rendimientos mucho 
más elevados para producción comercial (Gibson y Rastall 2006).  
Este tipo de enzimas hidrolizan el enlace β(1→4) de la lactosa dando lugar a sus 
monómeros glucosa y galactosa; siendo además transferida la galactosa del medio hacia un 
grupo hidroxilo aceptor para producir GOS. El rendimiento y la composición de los GOS 
sintetizados varía notablemente dependiendo del origen de la β-galactosidasa y de las 
condiciones de reacción (Iqbal et al. 2010; Maischberger et al. 2010; Splechtna et al. 2006).  
Tabla 1.10. Producción de GOS empleando diferentes β-galactosidasas (Park et al. 2010). 
Origen pH 
Topt 
(° C) 
[Lact] 
(g/l) 
GOS 
(%)a 
Productividad 
(g/ l·h) 
Referencia 
Aspergillus oryzae 4.5 40 380 31 24 Iwasaki et al. 1996 
Bacillus circulans 6.0 40 46 24 2.2 Mozaffar et al. 1985 
Bifidobacterium infantis 7.5 60 300 63 13 Hung y Lee 2002 
Bifidobacterium longum 6.8 45 400 33 13 Hsu et al. 2007 
Bullera singularis 5.0 50 180 50 3.9 Cho et al. 2003 
Enterobacter agglomerans 7.5 50 125 38 3.9 Lu et al. 2007 
Geobacillus stearothermophilus 6.5 37 180 2 0.4 Placier  et al. 2009 
Lactobacillus acidophilus 6.5 30 205 39 7.9 Nguyen et al. 2007 
Lactobacillus reuteri 6.5 30 205 38 3.9 Spletchna et al. 2006 
Penicillium sp. 4.0 55 400 40 n.d. b In y Chae 1998 
Penicillium simplicissimum 6.5 50 600 31 11 Cruz et al. 1999 
Pyrococcus furiosus 5.0 80 270 22 n.d. Bruins et al. 2003 
Sccharapolyspora rectivirgula 6.5 60 600 44 n.d. Nakao et al. 1994 
Sterigmatomyces elviae 5.0 60 200 39 3.2 Onishi y Tanaka 1995 
Sulfolobus solfataricus 6.0 80 600 53 5.6 Park et al. 2008 
Talaromyces thermophilus 6.5 40 200 50 13 Nakkharat et al.  2006 
Thermotoga maritima 6.0 80 500 19 18 Ji et al. 2005 
Thermus sp. 7.0 70 300 30 n.d. Akiyama et al. 2001 
a Referido al peso total de azúcares en la mezcla.   
b No descrito.  
Actualmente, las enzimas mayoritariamente empleadas para la síntesis de GOS son 
aquellas procedentes de Kluyveromyces, Aspergillus, Bacillus, Streptococcus y Cryptococcus, las 
cuales muestran diferentes condiciones de reacción óptimas en cuanto a pH y temperatura, y 
difieren en la especificidad de formación de enlaces glicosídicos y en el grado de polimerización 
de los productos. Generalmente, elevadas temperaturas son preferibles para acelerar la 
reacción, aumentar la solubilidad de la lactosa previniendo su cristalización y reducir la 
viscosidad de la mezcla de reacción de forma que la actividad transferasa esté favorecida frente 
a la hidrolítica. Además, una concentración de lactosa elevada reduce la actividad de agua de la 
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solución, lo cual influye en el rendimiento de los GOS formados. Por todo ello, muchos estudios 
se han centrado en la obtención de β-galactosidasas termoestables para la mejora del 
rendimiento de reacción (Charalampopoulos y Rastall 2009). En la Tabla 1.10 se reflejan 
algunos estudios llevados a cabo para la producción de GOS empleando β-galactosidasas de 
diferente origen. 
Para la segura utilización en alimentación, las β-galactosidasas empleadas en los 
tratamientos de la leche y productos lácteos a escala industrial deben provenir de 
microorganismos tipo GRAS (Generally Recognized As Safe). Entre ellas, se encuentran K. lactis, A. 
oryzae y B. circulans (Mlichová y Rosenberg 2006). 
1.8. Inmovilización de enzimas para síntesis de FOS y GOS 
1.8.1. Métodos de inmovilización 
El proceso de inmovilización se define como el confinamiento o localización de una 
enzima en cierta región definida del espacio para dar lugar a formas insolubles que retienen su 
actividad catalítica y que pueden ser reutilizadas de modo repetido y continuo (Katchalski-
Katzir 1993). Así pues, la producción a gran escala de oligosacáridos prebióticos sintetizados 
por vía enzimática se ve favorecida con el empleo de estas enzimas inmovilizadas dado que 
permite su reutilización al ser posible separar el biocatalizador del medio de reacción con su 
correspondiente parada de reacción (Bornscheuer 2003). Los componentes de un biocatalizador 
inmovilizado son la propia enzima, la matriz o soporte y el método de inmovilización aplicado. 
Las principales características del soporte a tener en cuenta son el tamaño de partícula y el 
diámetro de poro de manera que las propiedades del soporte ideal para aplicación industrial 
son: resistencia mecánica, estabilidad física y química, carga enzimática máxima, mínima 
lixiviación y disponibilidad a bajo precio (Torres-Salas et al. 2011). 
En general, los métodos de inmovilización se pueden clasificar en cinco grandes 
categorías como se muestra en el Figura 1.11 (Linqiu 2005):  
I. En la adsorción, la enzima se une al soporte sin funcionalizar mediante distintos 
tipos de interacciones: iónicas, hidrofóbicas, fuerzas de Van der Waals o puentes 
de hidrógeno.  
II. La unión covalente mantiene la enzima fuertemente anclada al soporte sólido 
mediante enlaces covalentes evitando así la pérdida de la actividad debida a la 
lixiviación de la enzima. 
III. Entrecruzamiento (cross-linking) que consiste en el uso de reactivos bifuncionales 
que originan uniones intermoleculares entre las moléculas de enzima. 
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Actualmente, se utiliza la cristalización de enzimas y su posterior reticulado con 
glutaraldehído (CLECs, Cross-Linked Enzyme Crystals que presentan una gran 
estabilidad frente a temperatura y disolventes orgánicos; CLEAs, Cross-Linked 
Enzyme Aggregates que se preparan fácilmente por precipitación de la proteína 
inicial seguido de entrecruzamiento) (Sheldon 2007). 
IV. Microencapsulación donde las enzimas están rodeadas de membranas 
semipermeables que permiten el paso de moléculas de sustrato y producto pero 
no de enzima. 
V. El atrapamiento consiste en la retención física de la enzima en cavidades 
interiores de una matriz sólida porosa. Puede ser en geles quedando la enzima 
atrapada en el interior del gel, o bien en fibras donde se encuentra ocluida 
dentro de las microcavidades de una fibra sintética. 
E
E
E
E
E
E
E
E
E
E
E
Adsorción EntrecruzamientoEnlace covalente
E E
EE E
EE
Microencapsulación
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E E
Atrapamiento
E
E
E
E
E
E
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Fig. 1.11. Diferentes métodos de inmovilización de enzimas. 
Es muy habitual combinar varios de estos métodos consiguiendo incluso mejores 
biocatalizadores y facilitando el diseño de enzimas inmovilizadas más robustas; así, el 
entrecruzamiento suele combinarse con cualquiera de los otros métodos descritos. 
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1.8.2. Inmovilización por atrapamiento en gel de alginato cálcico 
Como se puede apreciar en las Tablas 1.11 y 1.12, la inmovilización por atrapamiento en 
geles de alginato cálcico  es uno de los métodos más estudiados con enzimas glicosídicas, ya 
que permite inmovilizar en un único paso, de forma simple y bajo condiciones muy suaves. 
Algunas ventajas son el bajo coste de los materiales, la elevada actividad recuperada y la 
ausencia de cambios conformacionales en la estructura. El gran inconveniente de este tipo de 
biocatalizadores consiste en la lixiviación de la enzima durante el almacenamiento y el 
transcurso de la reacción debido al tamaño de los poros de la red de alginato que permite el 
paso de la mayoría de las enzimas. 
El alginato se extrae a partir de algas marinas pardas (Phaeophyceae) y también es 
producido por cultivos de bacterias Azotobacter vinelandii; es un polisacárido lineal cargado 
negativamente y formado por el ácido β-D-manurónico (M) y el ácido α-L-gulurónico (G). Tras 
una hidrólisis parcial, se demostró que los alginatos se forman por tres bloques diferentes: dos 
tipos de secuencias homopoliméricas de ácido β-D-manurónico (bloques MM) y de ácido α-L-
gulurónico (bloques GG), y adicionalmente secuencias heteropoliméricas de M y G (bloques 
MG) (Haug et al. 1974). Las uniones entre bloques de secuencias MM y MG se realizan a través 
de enlaces glicosídicos β(1→4), y mediante enlaces α(1→4) en bloques GG y GM. La propiedad 
principal del alginato es su capacidad de formar geles en presencia de ciertos iones 
multivalentes, generalmente de calcio, bario o aluminio. Sus propiedades biológicas y físicas en 
medios acuosos no sólo dependen de la relación M/G sino también de la distribución de las 
unidades M y G a lo largo de la cadena (Gacesa 1988). Este tipo de biocatalizadores tienen 
algunas limitaciones tales como baja actividad volumétrica, lixiviación de enzima y 
contaminación microbiana de las esferas debido a su alto contenido en agua y carbono 
(Smidsrod y Skjak-Braek 1990). La difusión puede ser minimizada mediante el aumento de la 
concentración de alginato y/o la relación entre manurónico y gulurónico, así como 
disminuyendo el pH (Martinsen et al. 1992). 
El alginato, representado por línea azul en la Figura 1.12, se encuentra cargado 
negativamente de forma que utiliza los contraiones de Na+ para permanecer en solución. El 
atrapamiento de enzimas, células enteras o parte de ellas se lleva a cabo goteando la mezcla 
alginato-enzima sobre la solución que contenga los iones divalentes como Ca2+ formándose 
instantáneamente esferas por gelación ionotrópica, de manera que la enzima queda atrapada 
dentro del polímero tridimensional. 
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Fig. 1.12.  Representación del atrapamiento en alginato sódico empleando iones de Ca2+.  
1.8.3. Inmovilización para síntesis de FOS 
La producción a gran escala de FOS por síntesis enzimática a partir de sacarosa se lleva a 
cabo industrialmente mediante procesos de reacción en discontinuo (batch) empleando enzima 
soluble (Yung et al. 1994) o en reactores en continuo empleando células inmovilizadas por 
atrapamiento en gel de alginato cálcico (Yung et al. 2011; Sheu et al. 2013). Hay una gran 
variedad de estudios realizados a escala de laboratorio, y, como se observa en la Tabla 1.11 los 
métodos de inmovilización más empleados para obtención de FOS suelen ser por enlace 
covalente y por atrapamiento en gel de alginato cálcico. Los métodos covalentes continuarán 
aplicándose dado que se minimiza la lixiviación de la enzima al estar fuertemente anclada al 
soporte; sin embargo, el método por atrapamiento es ampliamente utilizado en reactores 
continuos ofreciendo ventajas tales como simplicidad, bajo coste y condiciones suaves muy 
interesantes para su aplicabilidad industrial. 
Tabla 1.11. Trabajos publicados de inmovilización para producción de FOS a partir de sacarosa 
(Fernandez-Arrojo et al. 2013b).  
Soporte Enzima 
Tipo 
inmovilización 
Referencia 
Gel alginato cálcico 
β-Fructofuranosidasa 
de Aureobasidium sp. 
Atrapamiento Hayashi et al. 1994 
Resina porosa de intercambio 
iónico 
Fructosiltransferasa de 
Aureobasidium pullulans Adsorción iónica Yun et al. 1995 
Soporte polimérico epoxi-
activado 
β-Fructofuranosidasas 
de  Aspergillus niger y  
Aspergillus japonicus 
Covalente 
Chiang et al. 1997 ; 
Lee et al.  1999 
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Soporte Enzima 
Tipo 
inmovilización 
Referencia 
Membrana cerámica y 
glutaraldehído 
β-Fructofuranosidasa 
de Aspergillus niger 
Covalente 
Nishizawa et al. 
2000 
Soporte polimérico epoxi-
activado (Sepabeads EC, 
Eupergit C) 
β-Fructofuranosidasa 
de Aspergillus aculeatus 
Covalente 
Ghazi et al. 2005; 
Tanriseven y Aslan 
2005 
Quitosano con glutaraldehído 
y tris-hidroximetil-fosfina 
β-Fructofuranosidasas 
de Aspergillus japonicus 
y Aspergillus awamori 
Covalente 
Cheng et al. 2005; 
Smaali et al. 2011 
Resina de intercambio iónico 
(Amberlite IRA900. WA-30, 
poliestireno con amina 
terciaria) y glutaraldehído 
Fructosiltransferasas de 
Aspergillus aculeatus y 
Aspergillus oryzae 
Adsorción iónica 
y 
entrecruzamiento 
Csanadi y Sisak 
2006; Kurakake et 
al. 2010 
Gel alginato cálcico 
Inulinasa de 
Kluyveromyces 
marxianus 
Atrapamiento 
Santos y Maugeri 
2007 
Mineral de niobio 
Fructosiltransferasa de 
Rhodotorula sp. Adsorción 
Aguiar-Oliveira y 
Maugeri 2010 
Gel alginato cálcico 
modificado 
Inulinasa de 
Kluyveromyces 
marxianus 
Atrapamiento y 
entrecruzamiento 
Risso et al. 2012 
Aleaciones de niobio y grafito 
Fructosiltransferasa de 
Rhodotorula sp. 
Adsorción 
Alvarado-
Huallanco y 
Maugeri-Filho 2010 
 
1.8.4. Inmovilización de β-galactosidasas para síntesis de GOS 
En la industria alimentaria los procesos más utilizados están enfocados a la hidrólisis de 
la lactosa, y en menor medida a la producción de GOS. Se emplea principalmente la β-
galactosidasa soluble pero también se están desarrollando técnicas con la enzima inmovilizada 
para permitir su reutilización y minimizar costes. Los soportes empleados para su 
inmovilización son en ocasiones demasiado caros y difíciles de escalar limitando su aplicación 
industrial (Park y Oh 2010). Las mayores productividades para síntesis de GOS se consiguieron 
empleando la β-galactosidasa de A. oryzae inmovilizada (Albayrak y Yang 2002b) y la de A. 
candidus (Zheng et al. 2006) en reactores de lecho fijo; y en un reactor continuo de tanque 
agitado conteniendo la β-galactosidasa de B. circulans inmovilizada (Mozaffar et al. 1986). Hay 
una gran variedad de estudios realizados a escala de laboratorio empleando diferentes métodos 
de inmovilización de β-galactosidasas como se observa en la Tabla 1.12. 
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Tabla 1.12. Trabajos publicados de inmovilización de β-galactosidasas para producción de GOS a partir 
de lactosa. 
Soporte Origen enzima Tipo inmovilización Ref. 
Gel alginato cálcico Aspergillus sp. AF Atrapamiento Feng et al. 2010 
Gel alginato cálcico Aspergillus oryzae 
Atrapamiento y 
entrecruzamiento  
Freitas et al. 2012 
Resina (Duolite) y gel de 
sílice poroso (Merckogel) 
Bacillus circulans 
Adsorción iónica y 
entrecruzamiento  
Mozaffar et al. 1986 
Cotton cloth activado con 
cloruro de tosilo 
Aspergillus oryzae Adsorción 
Albayrak y Yang 
2002b 
Resina de intercambio 
iónico 
Aspergillus oryzae 
Adsorción iónica y 
entrecruzamiento 
Guidini et al. 2010 
Sílice-CPC a con 
glutaraldehído y agarosa 
con agente CDAP b 
Kluyveromyces lactis Covalente 
Giacomini et al. 
1998 
Celita / quitosano 
Talaromyces 
thermophilus 
Adsorción, covalente 
y entrecruzamiento 
Gaur et al. 2006 
Resina D113 y gel alginato Aspergillus candidus 
Adsorción iónica y 
atrapamiento 
Zheng et al. 2006 
Eupergit C Aspergillus aculeatus Covalente 
Aslan y Tanrıseven 
2007 
Soporte magnético epoxi 
nanométrico 
Kluyveromyces fragilis Covalente Liu et al. 2012 
Gelatina/alginato y 
glutaraldehído 
Kluyveromyces 
marxianus 
Covalente Puri et al. 2010 
Partículas magnéticas 
recubiertas con polianilina 
y glutaraldehído 
Aspergillus oryzae Covalente Neri et al. 2011 
a CPC: Controlled Pore Carrier;  b CDAP: 1-ciano-4-(dimetilamino)-piridin tetrafluoroborato. 
1.9.  Introducción al compendio de artículos publicados 
En los próximos capítulos se detallan los artículos científicos publicados recientemente 
que engloban los aspectos más sobresalientes del trabajo llevado a cabo durante esta Tesis 
Doctoral. El trabajo comienza con una serie de estudios cinéticos de síntesis enzimática de GOS 
analizándose en profundidad las estructuras de los productos obtenidos. Estas reacciones se 
llevan a cabo a partir de lactosa empleando β-galactosidasas de diferente procedencia: 
Kluyveromyces lactis, Bacillus circulans y Aspergillus oryzae. Se analiza en detalle la formación de 
GOS, su cinética de reacción, el efecto de la concentración de enzima, y, en el caso de K. lactis se 
comparan los resultados de la enzima soluble con las células enteras previamente 
permeabilizadas, dado que esta enzima es intracelular. Desde un punto de vista global, se 
obtiene una comparación entre las tres enzimas respecto a la producción de GOS y a la 
productividad específica, cuyos capítulos correspondientes son los siguientes: 
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Capítulo 2: “Production of galacto-oligosaccharides by the β-galactosidase from Kluyveromyces 
lactis: comparative analysis of permeabilized cells versus soluble enzyme” 
Capítulo 3: “Galacto-oligosaccharide synthesis from lactose solution or skim milk using the β-
galactosidase from Bacillus circulans” 
Capítulo 4: “Detailed analysis of galacto-oligosaccharides synthesis with β-galactosidase from 
Aspergillus oryzae” 
Algunos de los GOS obtenidos en los trabajos anteriormente descritos, se purificaron en 
cantidad suficiente para evaluar su posible efecto prebiótico. Este estudio se llevó a cabo 
mediante fermentación in vitro bajo condiciones totalmente anaerobias y con control continuo 
de pH simulando las condiciones del intestino humano y empleando heces humanas adultas 
como inóculo. Los GOS estudiados difieren tanto en el grado de polimerización como en el 
enlace glicosídico de sus estructuras, y se comparan con una mezcla comercial de GOS. Este 
trabajo se encuentra descrito en el siguiente capítulo: 
 Capítulo 5: “Analysis of fermentation selectivity of purified galacto-oligosaccharides by in vitro 
human faecal fermentation” 
A continuación, con el objetivo de producir preparados lácteos con una concentración 
apreciable de GOS y bajo contenido en lactosa se estudió el comportamiento de las tres β-
galactosidasas descritas en los primeros capítulos empleando directamente como sustrato leche 
semidesnatada comercial a diferentes temperaturas. Dado el escaso contenido de lactosa en la 
leche bovina, hay pocos trabajos que empleen leche como sustrato con el objetivo de formar 
GOS, por el contrario la mayoría de ellos se centran en la reacción de hidrólisis. Este trabajo se 
describe en el capítulo: 
Capítulo 6: “Galacto-oligosaccharides formation during enzymatic hydrolisis of lactose: towards 
a prebiotic-enriched milk” 
El desarrollo de biocatalizadores inmovilizados es un aspecto fundamental para la 
aplicación de estas enzimas a la producción de oligosacáridos prebióticos. Por ello se llevó a 
cabo un estudio basado en la inmovilización enzimática por atrapamiento en redes de alginato 
y su posterior proceso de secado empleando la β-fructofuranosidasa de Aspergillus aculeatus. 
Los biocatalizadores obtenidos se emplearon en reactores “batch” y en continuo para la 
obtención de fructo-oligosacáridos (FOS) prebióticos aportando datos comparativos entre ellos. 
Así, se estudia el efecto del origen del alginato empleado en la inmovilización y la eficiencia de 
estos biocatalizadores en reactor para la producción de FOS. Todo ello se recopila en el capítulo 
7: 
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Capítulo 7: “Dried alginate-entrapped enzymes (DALGEEs) and their application to the 
production of fructo-oligosaccharides” 
Esta metodología se aplicó asimismo a la β-galactosidasa para la producción de GOS. Los 
resultados obtenidos con dichos biocatalizadores se encuentran actualmente en fase de 
publicación y se recogerán algunos de éstos en el Capítulo 8 de resultados. 
En el Anexo 8.5 se recopilan las portadas de los artículos publicados donde aparecen las 
afiliaciones correspondientes a cada uno de los trabajos. 
1.10. Objetivos de la Tesis 
El objetivo principal de la presente Tesis Doctoral es la obtención enzimática, 
caracterización y estudio de las propiedades prebióticas de los oligosacáridos empleados 
actualmente en las fórmulas infantiles: GOS y FOS. Los objetivos concretos se resumen en: 
 Selección de enzimas con actividad glicosiltransferasa con potencial interés en la 
síntesis de GOS (β-galactosidasas) y FOS (β-fructofuranosidasas). 
 Estudio de la cinética de reacción con cada una de las enzimas seleccionadas e 
identificación de los productos sintetizados. Para la formación de GOS se han 
seleccionado las β-galactosidasas de K. lactis, B. circulans y A. oryzae, y para FOS 
se ha escogido la β-fructofuranosidasa de A. aculeatus. 
 Evaluación del posible efecto prebiótico de algunos GOS previamente 
purificados mediante fermentación in vitro para estudiar el efecto de la 
composición y estructura en su actividad prebiótica. 
 Obtención de leche baja en lactosa y con un contenido apreciable de GOS 
empleando la β-galactosidasa seleccionada. 
 Optimización del método de inmovilización de estas enzimas por atrapamiento 
en redes de alginato, y su aplicación al desarrollo de biorreactores en lecho fijo 
para la producción de oligosacáridos prebióticos. 
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Production of galacto-oligosaccharides by the β-galactosidase 
from Kluyveromyces lactis: comparative analysis of permeabilized 
cells versus soluble enzyme 
 
B. Rodríguez-Colinas, M. A. de Abreu, L. Fernández-Arrojo, R de Beer, A. Poveda, J. 
Jiménez-Barbero, D. Haltrich, A. O. Ballesteros, M. Fernández-Lobato, and F. J. Plou 
Journal of Agricultural and Food Chemistry (2011), volume 59, pages: 10477-10484 
 
2. SUMMARY 
The transgalactosylation activity of Kluyveromyces lactis cells was studied in detail. Cells 
were permeabilized with ethanol and further lyophilized to facilitate the transit of substrates 
and products. The resulting biocatalyst was assayed for the synthesis of galacto-
oligosaccharides (GOS) and compared with two soluble β-galactosidases from K. lactis 
(Lactozym 3000 L HP G and Maxilact LGX 5000). Using 400 g/l lactose, the maximum GOS 
yield, measured by HPAEC-PAD, was 177 g/l (44% w/w of total carbohydrates). The major 
products synthesized were the disaccharides 6-galactobiose [Gal-β(1→6)-Gal] and allolactose 
[Gal-β(1→6)-Glc], as well as the trisaccharide 6´-galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-
Glc], which was characterized by MS and 2D NMR. Structural characterization of another 
synthesized disaccharide, Gal-β(1→3)-Glc, was also carried out. GOS yield with soluble β-
galactosidases was slightly lower (160 g/l for Lactozym 3000 L HP G and 154 g/l for Maxilact 
LGX 5000); however, the typical profile with a maximum GOS concentration followed by partial 
hydrolysis of the newly formed oligosaccharides was not observed with the soluble enzymes. 
Results were correlated with the higher stability of β-galactosidase when permeabilized whole-
cells were used. 
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2.1.    INTRODUCTION 
β-Galactosidases (β-D-galactoside galactohydrolases, EC 3.2.1.23) catalyze the hydrolysis 
of the galactosyl moiety from non-reducing termini of oligosaccharides. These enzymes have 
attracted attention from researchers and dairy product manufactures primarily due to their 
ability to remove lactose from milk (Adam et al. 2004). In addition, β-galactosidases are 
employed for oligosaccharide synthesis (Hsu et al. 2007; Matella et al. 2006), because the normal 
hydrolytic reaction can be reversed towards glycosidic bond synthesis under appropiate 
conditions (Seibel et al. 2006; Bojarova et al. 2009; Desmet & Soetaert 2011). Thus, β-galactosidase 
catalyzes transgalactosylation reactions in which lactose (as well as the released glucose and 
galactose) serve as galactosyl acceptors, yielding a series of di, tri- and tetrasaccharides (and 
eventually of higher polymerization degree) called galacto-oligosaccharides (GOS) (Torres et al. 
2010; Park et al. 2010). Depending on the source of β-galactosidase, the yield and composition of 
GOS vary notably (Splechtna et al. 2006; Maischberger et al. 2010; Iqbal et al. 2010). GOS 
constitute the major part of oligosaccharides of human milk (Shadid et al. 2007). Among other 
health benefits, GOS are non-cariogenic, exhibit prebiotic properties, reduce the level of 
cholesterol in serum and prevent colon cancer (Rastall et al. 2005; Gosling et al. 2010).  
The major commercial source of β-galactosidase by far is the mesophile yeast 
Kluyveromyces lactis (Martinez-Villaluenga et al. 2008; Chockchaisawasdee et al. 2005; 
Maugard et al. 2003). Due to its intracellular nature, the production of cell-free K. lactis β-
galactosidase is limited by the high cost associated to enzyme extraction and downstream 
processing as well as the low stability of the enzyme (Park et al. 2010; Pinho et al. 2011). The 
hydrolytic activity of K. lactis β-galactosidase is very high (Pal et al. 2009). The production of 
GOS using batch and continuous bioreactors of K. lactis β-galactosidase has been reported 
(Martinez-Villaluenga et al. 2008; Chockchaisawasdee et al. 2005). Several studies on 
immobilization of this enzyme with different carriers have been also described (Maugard et al. 
2003; Zhou et al. 2001; Zhou et al. 2003).  
Biochemical reactions using whole cells have advantages over purified enzymes in many 
industrial bioconversion processes, allowing the reuse of the biocatalyst and continuous 
processing. However, the permeability barrier of the cell envelope for substrates and products 
often causes very low reaction rates, especially in yeasts. To increase the volumetric activity, 
permeabilization of yeast cells is an economical, simple and safe process that usually facilitates 
substrate access to the intracellular enzymes (Siso et al. 1992; Fontes et al. 2001; Kondo et al. 
2000); the enzyme yields trisaccharides as the main transglycosylation products 
(Chockchaisawasdee et al. 2005; Boon et al. 2000; Prenosil et al. 1987). The permeabilizing agent 
may decrease the phospholipids content in the membrane thus allowing the transit of low 
molecular weight compounds in and out of the cells (Manera et al. 2000).  
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In this context, ethanol-permeabilized K. lactis cells have been evaluated for lactose 
hydrolysis (Siso et al. 1992; Fontes et al. 2001; Genari et al. 2003; Panesar et al. 2007) and for the 
bioconversion of lactose and fructose to the disaccharide lactulose (Lee et al. 2004). However, to 
our knowledge, the use of K. lactis permeabilized cells for the synthesis of GOS has not been 
investigated. In this context, permeabilized cells of Kluyveromyces marxianus were recently 
employed for GOS production, although the structure of the synthesized products was not 
reported (Manera et al. 2000). 
 In this work, we have studied the transgalactosylation activity of ethanol-permeabilized 
cells of a strain of K. lactis. The synthetic activity of the crude preparation was compared with 
that of two soluble β-galactosidases from K. lactis (Lactozym 3000 L HP G and Maxilact LGX 
5000). Structural characterization of the synthesized galacto-oligosaccharides was performed in 
detail. 
2.2. EXPERIMENTAL PROCEDURES 
2.2.1. Materials 
The commercial β-galactosidases from Kluyveromyces lactis Lactozym 3000 L HP G (batch 
DKN08677) and Maxilact LGX 5000 (batch 409240001) were kindly supplied by Novozymes A/S 
and DSM Food Specialties, respectively. As both preparations contained 50% (v/v) glycerol, 
they were dialyzed prior to use in 0.1 M potassium phosphate buffer (pH 6.8). Glucose, 
galactose, lactose monohydrate and o-nitrophenyl-β-D-galactopyranoside (ONPG) were from 
Sigma-Aldrich. 6-Galactobiose, 4-galactobiose, 3-galactobiose, 6-O-β-galactosyl-glucose 
(allolactose) and 4´-O-β-galactosyl-lactose were from Carbosynth (Berkshire, UK). All other 
reagents and solvents were of the highest available purity and used as purchased.  
2.2.2. Culture conditions and preparation of permeabilized cells 
The Kluyveromyces lactis CECT1931 strain was obtained from the Spanish CETC 
(Colección Española de Cultivos Tipo). Yeasts were grown on YEPL [2% (w/v) lactose, 2% (w/v) 
bactopeptone, 1% (w/v) yeast extract] at 26°C. Growth was monitored spectrophotometrically at 
a wavelength of 660 nm (A660). For enzyme preparations, cells from 200 ml cultures growing 
logarithmically at an A660 of 2.0-2.5 were harvested (3000g during 5 min) and washed with 
distilled water. The cells were permeabilized following the protocol described by Fontes et al. 
2001 with slight modifications. The cells were resuspended in 50% (v/v) ethanol, stirred for 15 
min at 4°C, washed with distilled water and lyophilized. A total protein extract was also 
obtained from the cell mass using Yeast Buster Protein Extraction Reagent (Novagen) following 
the manufacturer´s instructions. 
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2.2.3. Activity assay 
The enzymatic activity towards o-nitrophenyl-β-D-galactopyranoside (ONPG) was 
measured at 40°C following o-nitrophenol release at 405 nm. For the permeabilized cells, the 
reaction was started by adding 1.5 mg cell mass to 2 ml of 15 mM ONPG in 0.1 M potassium 
phosphate buffer (pH 6.8). The mixture was incubated for 20 min with orbital shaking (600 rpm) 
and the reaction was stopped by immersion in a water bath 5 min at 95°C. For the soluble 
enzymes (Lactozym 3000 L HP G or Maxilact LGX 5000), the reaction was started by adding 10 
µl of the dialyzed enzyme (conveniently diluted) to 190 µl of 15 mM ONPG in 0.1 M potassium 
phosphate buffer (pH 6.8). The increase of absorbance at 405 nm was followed in continuous 
mode at 40°C during 5 min. In both cases the absorbance was measured using a microplate 
reader (Versamax, Molecular Devices). The molar extinction coefficient of o-nitrophenol at pH 
6.8 was determined (1627 M-1 cm-1). One unit (U) of activity was defined as that corresponding 
to the hydrolysis of 1 µmol of ONPG per min.  
2.2.4. Thermostability of K. lactis β-galactosidase 
Soluble enzymes or permeabilized cells were incubated at 40°C in 100 mM Tris-HCl 
buffer, pH 7.0. Aliquots were harvested at different times, and the remaining activity toward 
ONPG was determined. The same experiments were carried out in presence of 200 g/l glucose 
or galactose. 
2.2.5. Production of galacto-oligosaccharides  
The reaction mixture (20 ml) contained 400 g/l lactose (34.7% w/w) in 0.1 M potassium 
phosphate buffer (pH 6.8). The biocatalyst was then added (110 mg permeabilized cell mass, 46 
µl Lactozym 3000 L HP G or 14 µl Maxilact LGX 5000) to adjust the β-galactosidase activity in 
the reaction mixture in the range 1.2-1.5 U/ml. The mixture was incubated at 40°C in an orbital 
shaker (Vortemp 1550) at 200 rpm. At different times, 750 µl aliquots were harvested from the 
reaction mixture and incubated for 5 min at 95°C and 350 rpm in a Thermomixer (Eppendorf) to 
inactivate the enzyme. Samples were filtered using 0.45 µm PVDF filters coupled to eppendorf 
tubes (National Scientific) during 5 min at 6000 rpm. For each sample, two dilutions with water 
(1:400 and 1:4000) were prepared for high-performance anion-exchange chromatography with 
pulsed amperometric detection (HPAEC-PAD) analysis.  
2.2.6. High-performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) 
Product analysis was performed by HPAEC-PAD on a ICS3000 Dionex system (Dionex 
Corp., Sunnyvale, CA) consisting of a SP gradient pump, an AS-HV autosampler and an 
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electrochemical detector with a gold working electrode and Ag/AgCl as reference electrode. All 
eluents were degassed by flushing with helium. A pellicular anion-exchange 4 x 250 mm Carbo-
Pack PA-1 column (Dionex) connected to a CarboPac PA-1 guard column was used at 30°C. For 
eluent preparation, MilliQ water and 50% (w/v) NaOH (Sigma-Aldrich) were used. The initial 
mobile phase was 15 mM NaOH at 1.0 ml/min for 12 min. A mobile phase gradient from 15 mM 
to 200 mM NaOH was performed at 1.0 ml/min in 15 min, and the latter was maintained as 
mobile phase for 25 min. The separation of lactose and allolactose was achieved with an 
isocratic run (35 min) with 15 mM NaOH at 1.0 ml/min, followed by a 25 min elution with 200 
mM NaOH to remove the rest of carbohydrates. The peaks were analyzed using Chromeleon 
software. Identification of the different carbohydrates was done on the basis of glucose, 
galactose, lactose, 6-O-β-galactosyl-glucose (allolactose), 3-galactobiose, 4-galactobiose, 6-
galactobiose and 4´-O-β-galactosyl-lactose standards.  
2.2.7. Purification of GOS by hydrophilic interaction chromatography 
For the isolation of unknown GOS in the mixture (not coeluting with any of the 
standards), the reaction was scaled-up to 5 ml. When GOS yield reached the maximum value, 
the biocatalyst was inactivated by boiling the solution for 5 min. The reaction mixture was 
filtrated and the mixture was purified by semipreparative HPLC. A quaternary pump (Delta 
600, Waters) coupled to a Lichrosorb-NH2 column (5 µm, 10 x 250 mm, Merck) was used. The 
column temperature was kept constant at 25°C. Acetonitrile/water 85/15 (v/v), conditioned with 
helium, was used as mobile phase (flow rate 8.1 ml/min) for 8 min. Then, a gradient to 
acetonitrile/water 75/25 (v/v) was performed in 2 min, and this eluent was maintained during 6 
min. Finally, a gradient from this composition to acetonitrile:water 70:30 (v/v) was performed in 
5 min, and maintained for 20 min. Peaks were detected using an evaporative light-scattering 
detector DDL-31 (Eurosep) equilibrated at 60°C. A three-way flow splitter (model Acurate, 
Dionex) and a fraction collector II (Waters) were employed. The fractions containing the main 
peaks were pooled, the solvent (acetonitrile/water) was eliminated by rotary evaporation, and 
the resulting sugars were dissolved in a small amount of methanol and a droplet of water. Ice-
cold acetone was added to initiate precipitation. The resulting suspension was filtrated and the 
crystals were dried overnight in vacuo.  
2.2.8. Mass spectrometry 
Samples were analyzed by MALDI-TOF mass spectrometry (Bruker, model Ultraflex III 
TOFTOF) using 2,5-dihidroxybenzoic acid doped with sodium iodide as matrix, in positive 
reflector mode. 
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2.2.9. Nuclear Magnetic Resonance (NMR) 
The structure of the oligosaccharides was elucidated using a combination of 1H, 13C, and 
2D NMR (COSY, TOCSY, NOESY, HSQC) techniques. The spectra of the samples, dissolved in 
deuterated water (ca. 10 mM), were recorded on a Bruker AVANCE DRX500 spectrometer 
equipped with a tunable broadband 1H/X probe with a gradient in the Z axis, at a temperature 
of 298 K. Chemical shifts were expressed in parts per million with respect to the 0 ppm point of 
DSS, used as internal standard. COSY, TOCSY, NOESY and HSQC sequences were provided by 
Bruker. COSY, TOCSY (80 ms mixing time), and NOESY (500 ms mixing time) experiments 
were performed with 16, 8, and 48 scans, respectively, with 256 increments in the indirect 
dimension and with 1024 points in the acquisition dimension. The spectral widths were 9 ppm 
in both dimensions. The HSQC experiment (16 scans) also used 256 increments in the indirect 
dimension and with 1024 points in the acquisition dimension. The spectral width was 120 ppm 
in the indirect dimension and 9 ppm in the acquisition one.  
2.2.10. Scanning Electron Microscopy (SEM) 
The permeabilized cells were mounted on aluminium SEM stubs. The mounted samples 
were sputter-coated with a thin layer of gold at completer Torr vacuum and examined by 
scanning electron microscopy using an XL3 microscope (Philips) at an acceleration potential of 
20 kV. 
2.3.    RESULTS AND DISCUSSION 
2.3.1. Activity and stability of K. lactis cells 
Different methods of permeabilizing cells that do not significantly affect enzymatic 
activity have been described, including concentration, drying, treatment with solvents or 
surfactants, lyophilization, ultrasonic treatment, mechanical disruption, etc (Panesar et al. 2007; 
Panesar et al. 2011). In this work, K. lactis cells growing logarithmically on lactose as carbon 
source at 26°C were exposed to 50% (v/v) ethanol for 15 min at 4°C, washed, and lyophilized. 
Solvent treatment is an inexpensive method that can be applied on a large scale (Stredánsky et 
al. 1993). Depending on the solvent nature and concentration, as well as the incubation time, the 
permeability of membranes may be increased enough to lead to disruption of cells, with the 
concominant release of enzyme molecules into the supernatant (Pinho et al. 2011; Puri et al. 2010; 
Schwab et al. 2011). In our study, the ethanol treatment was not so intense as to produce cell 
disruption. Although cells treated with short-chain alcohols become non-viable in many cases, 
intracellular enzymes may resist such treatment and, as a consequence, are not inactivated. In 
addition, the permeability barriers of cell walls are lowered, so the cells themselves can be 
utilized as biocatalyst repeatedly. 
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Yeast morphology was examined by SEM (Figure 2.1). The typical oval shape of budding 
yeast cells was visualized at 1000 x (upper picture) and 2000 x (bottom picture). A control of 
yeasts not subjected to ethanol treatment was performed, and similar micrographs (not shown) 
were obtained. 
 
Fig. 2.1. SEM micrographs of permeabilized K. lactis cells at 1000 x (top) and 2000 x (bottom). 
It is well-known that activity in the permeabilized cell mass is low compared with soluble 
enzyme (Fontes et al. 2001). In this work, the hydrolytic activity of the permeabilized cells, using 
ONPG as substrate, was 210 U/g of cell mass. The thermal stability of K. lactis β-galactosidase in 
permeabilized cells was studied at 40°C in 100 mM Tris-HCl buffer (pH 7.0) (Fig. 2.2). This 
neutral pH has been reported optimum for β-galactosidase activity (Pal et al. 2009, Matioli et al. 
2003). The results were compared with those of the total protein extract obtained by cell lysis 
and with a soluble β-galactosidase from K. lactis (Lactozym 3000 L HP G) (Fig. 2.2). As shown in 
Fig. 2.2A, the soluble enzyme inactivates very quickly under such conditions (especially 
Lactozym 3000 L), and most of its activity was lost in < 60 min. The permeabilized cells exert a 
protecting effect on the intracellular β-galactosidase, as the remaining activity after 120 min was 
approx. 40%. 
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To assay the enzyme stability under conditions similar to those employed in the 
biotransformations, studies were also performed in the presence of 200 g/l glucose or galactose, 
which are the two main monosaccharides present in the reaction mixture when using lactose. It 
is well-known that sugars stabilize proteins (Prasad & Roy 2010); therefore, the operational 
conditions are usually favourable for stability of glycosidases (Ghazi et al. 2007). In presence of 
200 mg/ml galactose (Fig. 2.2B) or glucose (Fig. 2.2C), the stabilizing effect of whole-cells was 
even more pronounced; the activity of the permeabilized cells remained significantly stable 
during 120 min, whereas the soluble β-galactosidases displayed a significant loss of activity in 
the same time. 
2.3.2. Production of GOS by K. lactis cells 
 GOS are simultaneously synthesized and degraded by β-galactosidases; as a 
consequence, the GOS concentration and the composition of the sample change dramatically 
with reaction time and can hardly be predicted  (Park et al. 2010; Splechtna et al. 2006). The time 
at which reaction is harvested has a crucial effect on GOS yield (Gosling et al. 2010). The 
maximum GOS yield is basically determined by the intrinsic enzyme properties 
(transgalactosylation to hydrolysis ratio) as well as lactose concentration (Plou et al. 2002; Plou 
et al. 2007). 
 We studied the behavior of K. lactis cells in GOS synthesis compared with two soluble 
β-galactosidases (Lactozym 3000 L HP G and Maxilact LGX 5000). The experiments were 
carried out at 1.2-1.5 U/ml, which is a lower enzyme concentration than typically used in similar 
experiments with K. lactis β-galactosidase (e.g. 3-9 U/ml in ref. Martinez-Villaluenga et al. 2008, 
2.9-8.7 U/ml in ref. Chockchaisawasdee et al. 2005, 12.5 U/ml in ref. Lee et al. 2004). At higher 
enzyme concentrations reactions are so fast (< 240 min) that is difficult to observe any effect of 
enzyme stability on reaction progress. It has been demonstrated that although the enzyme 
concentration exerts a marked influence on the reaction time at which the maximum 
oligosaccharide concentration is achieved, it does not affect the absolute value of GOS yield 
(Chockchaisawasdee et al. 2005; Buchholz et al. 2005). The rest of conditions used in our 
experiments were similar to those previously described for soluble K. lactis β-galactosidase (400 
mg/ml lactose, pH 7.0, 40°C).  
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Fig. 2.2. Thermoinactivation of K. lactis β-galactosidase at 40°C in 100 mM Tris-HCl buffer, pH 7.0: (A) in 
the absence of sugars; (B) in the presence of 200 g/l galactose; (C) in the presence of 200 g/l glucose. Initial 
activity was 9.2 U/ml for permeabilized cells, 8.9 U/ml for the total protein extract, and 1.3 U/ml for 
Lactozym 3000 L HP G. Remaining activity was determined at the indicated times using the ONPG assay. 
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Fig. 2.3. HPAEC-PAD analysis of the reaction of lactose with (A) permeabilized K. lactis cells and (B) 
Lactozym 3000 L HP G. Peaks: (1) galactose; (2) glucose; (3, 4) disaccharides (unknown); (5) 6-galactobiose; 
(6) lactose and allolactose; (7) 3-galactobiose; (8) 6-galactosyl-lactose; (10) 3-galactosyl-glucose; (14) 4-
galactosyl-lactose; (9, 11-13, 15) other GOS (unknown). (Inset) Separation of allolactose (6a) and lactose (6b) 
under isocratic conditions. The chromatograms correspond to reaction times of 25 and 7 h for K. lactis cells 
and Lactozym 3000 L HP G, respectively. 
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Fig. 2.3A shows the HPAEC-PAD chromatogram of the reaction mixture with 
permeabilized cells after 25 h. Peaks 1, 2 and 6 were assigned to galactose, glucose and lactose, 
respectively. However, we observed that the shape of peak 6 varied throughout the reaction; in 
fact, by changing the elution conditions, we were able to split peak 6 into 6a [the lactose isomer 
allolactose, Gal-β(1→6)-Glc] and 6b (lactose), as shown in the inset of Figure 2.3. We found that 
the most abundant GOS synthesized by the permeabilized cells corresponded to peak 5 (the 
disaccharide 6-galactobiose [Gal-β(1→6)-Gal]), peak 6a (allolactose) and peak 8.  
Purification of peak 8 was performed by semipreparative HILIC. Its mass spectrum 
showed that it was a trisaccharide. The 1D and 2D 1H NMR spectra displayed four anomeric 
signals, two of them corresponding to the two α, β anomers of the reducing glucose moiety and 
two more corresponding to β-linked galactose residues. From the combination of the signals 
from COSY, TOCSY, NOESY, and HSQC it could be deduced that the 1H and 13C resonances 
belonged to different residues. The NOESY cross peaks from the two galactose anomeric signals 
also allowed the connectivities to their contiguous moieties to be distinguished. In fact, one of 
them was clearly connected with two H-6 signals, whose 13C resonance was shifted downfield 
(HSQC, Fig. 2.4A), whereas the other one was connected to the H-4 of the glucose residue, 
whose 13C resonance was unambiguously identified (HSQC). Thus, peak 8 showed a galactosyl 
moiety β(1→6) linked to the galactose ring of lactose. 
 
 
 
Fig. 2.4. 2D NMR heteronuclear single quantum coherence (HSQC) analysis of two galacto-
oligosaccharides obtained in the reaction of lactose with K. lactis cells: (A) trisaccharide 6´-galactosyl-
lactose; (B) disaccharide 3-galactosyl-glucose. 
As a consequence, the three major products synthesized by K. lactis cells contained a 
β(1→6) bond between two galactoses or between one galactose and one glucose. It is worth 
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emphasizing that the chemical structure of the obtained oligosaccharides (composition, number 
of moieties and types of linkages between them) may affect their fermentation pattern by 
probiotic bacteria in the gut (Martinez-Villaluenga et al. 2008). In this context, it was reported 
that β(1→6) linkages are cleaved very quickly by β-galactosidases from Bifidobacterium 
(Martinez-Villaluenga et al. 2008), a key factor in the prebiotic properties. 
With authentic standards, it was also possible to identify peak 7 as the disaccharide 3-
galactobiose [Gal-β(1→3)-Gal] and peak 14 as the trisaccharide 4´-galactosyl-lactose [Gal-
β(1→4)-Gal-β(1→4)-Glc]. Peak 10 was also purified, and mass spectrometry analysis indicated it 
was a disaccharide. From the combination of the signals from COSY, TOCSY, NOESY, and 
HSQC (Fig. 2.4B) the structure of peak 10 was attributed to the disaccharide Gal-β(1→3)-Glc. 
 The complete identification of the GOS synthesized by a particular enzyme is a difficult 
task. In fact, considering the formation of Gal-β(1→2)-, β(1→3)-, β(1→4)- and β(1→6)- bonds, 
the theoretical number of synthesized GOS accounts for 7 disaccharides, 32 trisaccharides, 128 
tetrasaccharides, and so on. Minor peaks 3, 4, 9, 11, 12, 14 and 15 could not be identified. As the 
response factors of GOS in HPAEC-PAD are closely similar, the quantification of the unknown 
products was carried out using lactose as standard for the disaccharides, and 4´-galactosyl-
lactose for the trisaccharides.   
Chockchaisawasdee et al. 2005 were the first in performing a preliminary structural 
analysis of the GOS formed by soluble K. lactis β-galactosidase (Maxilact L2000), concluding 
that the major bonds were β(1→6). Maugard et al. 2003 and Cheng et al. 2006 detected the 
formation of disaccharides by K. lactis but no structural identification was done. Martinez-
Villaluenga et al. 2008 reported the formation of 6-galactobiose, allolactose and 6´-galactosyl-
lactose with K. lactis β-galactosidase, in accordance with our findings with permeabilized cells, 
but the formation of other GOS was not mentioned. To our knowledge, the present study is the 
most detailed of those published with K. lactis β-galactosidase in terms of the chemical structure 
of the synthesized products. 
Fig. 2.5A shows the reaction progress with permeabilized cells. The maximum GOS 
concentration (177 g/l, which represents 44% (w/w) of the total carbohydrates in the reaction 
mixture) was observed at 6 h. After that, the amount of GOS diminished by the hydrolytic 
action of β-galactosidase until reaching an equilibrium GOS concentration of 105 g/l.  
Interestingly, lactose disappeared almost completely at the end of the process.  
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Fig. 2.5. Galacto-oligosaccharides production from lactose by (A) permeabilized K. lactis cells, (B) 
Lactozym 300 L HP G, (C) Maxilact LGX 5000. Experimental conditions: 400 g/l lactose in 0.1 M sodium 
phosphate buffer (pH 6.8), 1.2-1.5 U/ml, 40°C. 
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Table 2.1 summarizes the carbohydrate composition (in weight) at different reaction 
times. At the point of maximal GOS concentration (6 h), the mixture was formed by 
monosaccharides (32%), lactose (24%), 6-galactobiose (6%), allolactose (10%), 6´-galactosyl-
lactose (16%), and other GOS (12%). Martinez-Villaluenga et al. 2008, using a soluble K. lactis β-
galactosidase, reported a mixture formed by monosaccharides (49%), residual lactose (21%), the 
disaccharides 6-galactobiose and allolactose (13%) and 6´-galactosyl-lactose (17%). 
Table 2.1. Carbohydrate composition (percent w/w) of the reaction mixture using permeabilized cells from 
K. lactis a.  
Reaction 
time (h) 
Galactose Glucose Lactose 
6- 
Galactobiose 
Allolactose 
6´-
Galactosyl-
lactose 
Other 
GOS 
Total 
GOS 
0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
0.5 2.1 3.0 91.7 0.3 0.0 2.9 0.0 3.2 
0.75 3.4 4.2 87.1 0.8 0.0 4.5 0.0 5.3 
1 5.6 5.7 77.8 1.2 0.0 7.5 2.2 10.8 
2 7.5 7.1 69.3 1.4 0.0 8.6 6.2 16.1 
4 10.8 14.4 43.6 3.8 6.1 12.3 8.9 31.1 
6 13.9 17.7 24.2 6.4 10.0 15.7 12.1 44.2 
25 33.0 38.1 3.6 5.9 6.5 3.6 9.4 25.3 
30 33.2 38.5 1.1 10.1 4.3 4.7 8.2 27.3 
51.5 35.0 38.1 0.8 10.3 4.3 2.7 8.8 26.1 
a Experimental conditions: 400 g/l lactose in 0.1 M sodium phosphate buffer (pH 6.8), 1.2 U/ml (5.5 mg cells mass/ml), 
40°C. 
 The upper range of GOS yield is close to 40-45% (Splechtna et al. 2006; Rabiu et al. 2003; 
Hansson et al. 2001), which is lower than that reported for other prebiotics such as fructo-
oligosaccharides (approx. 65%) (Ghazi et al. 2006; Alvaro-Benito et al. 2007). In this work, GOS 
yield is slightly higher than the reported in previous studies with K. lactis β-galactosidase 
(Martinez-Villaluenga et al. 2008; Maugard et al. 2003). The lower yield reported in such studies 
could be related with the overestimation of lactose due to its tendency to coelute with 
allolactose, or by not considering the contribution of other minor GOS to the total yield.  
2.3.3. Production of GOS by soluble K. lactis β-galactosidase 
 The activities of Lactozym 3000 L HP and Maxilact LGX 5000 towards ONPG were 645 
U/ml and 2145 U/ml, respectively. The reaction profile of both enzymes in the GOS synthesis is 
shown in Figure 2.5, panels B and C, respectively. Several differences were found in the 
behavior of soluble β-galactosidases compared with permeabilized cells. First, panels B and C of 
Figure 5 do not show the typical pattern in which a maximum GOS yield is followed by the 
hydrolysis of a part of the synthesized products. Second, lactose is not completely consumed at 
the equilibrium, with a remaining concentration of 21 g/l and 65 g/l for Lactozym and Maxilact 
LGX 5000, respectively, whereas only 3 g/l was determined for permeabilized cells. Maximum 
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GOS yield was slightly lower for soluble β-galactosidases (160 g/l for Lactozym and 154 g/l for 
Maxilact LGX 5000, which represent 43% and 41% w/w of the total carbohydrates present in the 
mixture) compared with permeabilized cells (177 g/l, 44% w/w).  
Figure 2.3B shows the HPAEC-PAD chromatogram obtained with Lactozym 3000 L HP 
close to the point of maximum GOS concentration. As illustrated, the profile was similar to that 
obtained with permeabilized cells. The main transglycosylation products were again 6-
galactobiose (peak 5), allolactose (peak 6a), and 6´-galactosyl-lactose (peak 8). The main 
difference of the soluble enzyme compared with the permeabilized cells was the absence of 
several minor peaks (peaks 3, 4, 13, and 14 in Figure 2.3A); however, some of them appeared 
briefly at different reaction times, but they quickly disappeared. A very similar chromatogram 
was obtained with Maxilact LGX 5000 (data not shown). 
Tables 2.2 and 2.3 summarize the progress of carbohydrate distribution for both 
enzymes. The above results seem to indicate that the reaction is stopped before reaching the 
final equilibrium due to the low stability of soluble β-galactosidases. In contrast, the higher 
stability of permeabilized cells is manifested by the characteristic reaction profile −with a 
maximum− when a competence exists between hydrolysis and transglycosylation (kinetic 
control) (Rodriguez-Alegria et al. 2010). 
Table 2.2. Carbohydrate composition (percent w/w) of the reaction mixture using Lactozym 3000 L HP Ga. 
Reaction 
time (h) 
Galactose Glucose Lactose 
6- 
Galactobiose 
Allolactose 
6´-
Galactosyl-
lactose 
Other 
GOS 
Total 
GOS 
0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
0.5 3.4 5.6 84.4 0.6 0.0 5.4 0.7 6.7 
1 6.0 6.5 75.5 2.0 0.0 7.7 2.3 12.0 
1.5 6.9 13.6 62.9 1.2 0.0 11.2 4.2 16.5 
3.5 11.5 22.0 36.2 3.3 5.6 15.1 6.2 30.2 
5 13.3 25.5 26.6 4.1 7.2 15.9 7.3 34.6 
7 13.2 29.8 19.5 4.3 7.5 16.5 9.3 37.5 
22 16.4 34.4 6.7 6.2 10.6 14.3 11.5 42.6 
49.5 18.3 36.7 5.2 5.9 10.2 14.3 9.2 39.7 
70 18.5 37.3 5.3 5.9 10.1 13.4 9.5 38.9 
a Experimental conditions: 400 g/l lactose in 0.1 M sodium phosphate buffer (pH 6.8), 1.5 U/ml, 40°C. 
 
The maximum GOS concentration with permeabilized cells was obtained when lactose 
conversion was 76%. Lactozym 3000 L HP and Maxilact LGX 5000 reached 95 and 83% of 
lactose conversion, without displaying a maximum in GOS concentration. This could indicate 
that the microenvironment of the permeabilized cells also exerts an influence on the 
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transglycosylation to hydrolysis ratio. Thus, in the initial stages of the reaction, permeabilized 
cells show a higher tendency to form GOS than the soluble enzymes (Figure 2.5); however, 
when the GOS accumulate in the system, the whole cells also have a higher tendency to 
hydrolyze the GOS formed. 
Table 2.3. Carbohydrate composition (percent w/w) of the reaction mixture using Maxilact LGX 5000a. 
Reaction 
time (h) 
Galactose Glucose Lactose 
6- 
Galactobiose 
Allolactose 
6´-
Galactosyl-
lactose 
Other 
GOS 
Total 
GOS 
0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
0.5 2.8 4.8 88.2 0.3 0.0 3.6 0.4 4.2 
1 4.5 8.2 78.3 1.1 0.0 6.9 0.9 8.9 
1.5 5.8 10.9 72.0 0.7 0.0 8.9 1.6 11.2 
3.5 8.9 17.5 51.4 2.5 3.2 12.7 3.9 22.3 
5 10.1 20.1 44.1 3.8 3.4 13.8 4.6 25.7 
7 11.2 22.6 36.8 4.4 4.2 14.7 6.1 29.4 
22 13.7 26.5 19.0 4.4 7.0 15.4 14.0 40.7 
28 14.8 28.6 18.1 4.8 8.2 16.1 9.4 38.5 
49.5 15.6 30.9 15.8 5.1 8.3 15.6 8.7 37.7 
70 15.3 28.9 17.3 4.9 8.1 16.3 9.2 38.5 
a Experimental conditions: 400 g/l lactose in 0.1 M sodium phosphate buffer (pH 6.8), 1.5 U/ml, 40°C. 
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SUMMARY 
The synthesis of galacto-oligosaccharides (GOS) catalyzed by a novel commercial 
preparation of β-galactosidase from Bacillus circulans (BiolactaseTM) was studied and the 
products characterized by MS and NMR. Using 400 g/l lactose and 1.5 enzyme units per ml, the 
maximum GOS yield, measured by HPAEC-PAD analysis, was 165 g/l (41% w/w of total 
carbohydrates in the mixture). The major transgalactosylation products were the trisaccharide 
Gal-β(1→4)-Gal-β(1→4)-Glc and the tetrasaccharide Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc. 
The GOS yield increased to 198 g/l (49.4% w/w of total carbohydrates) using a higher enzyme 
concentration (15 U/ml), which minimized the enzyme inactivation under reaction conditions. 
Using skim milk (with a lactose concentration of 46 g/l), the enzyme also displayed 
transgalactosylation activity: maximum GOS yield accounted for 15.4% (7.1 g/l), which was 
obtained at 50% lactose conversion. 
3.1.    INTRODUCTION 
β-Galactosidases (β-D-galactoside galactohydrolases, EC 3.2.1.23) catalyze the hydrolysis 
of the galactosyl moiety from the non-reducing end of various oligosaccharides. These enzymes 
have attracted attention from dairy industries due to their ability to remove lactose from milk 
(Adam et al. 2004). In addition, β-galactosidases catalyze transgalactosylation reactions in which 
lactose (as well as the released glucose and galactose) serve as galactosyl acceptors yielding a 
series of di, tri- and higher oligosaccharides called galacto-oligosaccharides (GOS) (Torres et al. 
2010; Park et al. 2010). GOS are non-cariogenic, reduce the level of cholesterol in serum, prevent 
colon cancer and exhibit prebiotic properties. In fact, GOS constitute the major part of 
oligosaccharides in human milk (Shadid et al. 2007; Rastall et al. 2005; Gosling et al. 2010). The 
properties of GOS depend significantly on their chemical composition, structure and degree of 
polymerization (Cardelle-Cobas et al. 2011). Depending on the origin of β-galactosidase, the 
yield and composition of GOS vary notably (Splechtna et al. 2006; Maischberger et al. 2010; Iqbal 
et al. 2010; Rodriguez-Colinas et al. 2011). The most studied β-galactosidases are those from 
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Kluyveromyces lactis (Martinez-Villaluenga et al. 2008; Chockchaisawasdee et al. 2005; Maugard et 
al.  2003), Rhizopus oryzae (Guerrero et al. 2011), Bifidobacterium sp. (Hsu et al. 2007) and Bacillus 
circulans (Gosling et al. 2010). 
With regard to β-galactosidase from Bacillus circulans, different isoforms have been 
reported in the commercial preparation Biolacta (Daiwa Kasei). At least three isoforms with 
different behaviors in GOS production were characterized: β-galactosidase-1 showed very low 
transglycosylation activity (Mozaffar et al. 1984), β-galactosidase-2 contributed most 
significantly to GOS synthesis (Mozaffar et al. 1984; Mozaffar et al. 1986), and β-galactosidase-3 
was able to produce GOS with β(1→3) bonds (Fujimoto et al. 1998). More recently, Song et al. 
2011 described four isoforms with different molecular size in Biolacta: β-gal-A (189 kDa), β-gal-
B (154 kDa), β-gal-C (134 kDa) and β-gal-D (91 kDa). The transferase activity of β-galactosidase 
from B. circulans has been applied to the synthesis of lactosucrose (Wei et al. 2009), N-acetyl-
lactosamine (Bridiau et al. 2010), and other galactosylated derivatives (Farkas et al. 2003). 
Interestingly, the enzyme is able to catalyze the galactosylation of different acceptors in the 
presence of organic cosolvents up to 50% v/v (Usui et al. 1993). The B. circulans β-galactosidase 
has been also immobilized on different supports (Mozaffar et al. 1986; Torres et al. 2012). 
However, only partial analysis of the GOS formed in the transglycosylation reaction with 
lactose has been performed (Mozaffar et al. 1986), probably due to the complexity of the reaction 
mixture derived from the presence of several isoforms with different regiospecifity. 
In this work, we have studied the transgalactosylation activity of a novel commercial β-
galactosidase preparation from Bacillus circulans (BiolactaseTM). A detailed kinetic study of the 
reaction with lactose was performed, including the structural characterization of the 
synthesized GOS. It is well reported that oligosaccharides formed by the same monosaccharides 
with the same anomeric configuration, but differing in the glycosidic bonds between them, 
exhibit different fermentation patterns (Cardelle-Cobas et al. 2011). 
In addition, skim milk as lactose source was further investigated to assess the effect of 
lactose concentration on transglycosylation and to explore the in situ formation of GOS in dairy 
products. 
3.2. EXPERIMENTAL PROCEDURES 
3.2.1. Materials 
BiolactaseTM (batch MB-878) is a liquid β-galactosidase preparation from Bacillus circulans 
produced by Kerry Ingredients and Flavours (http://www.kerry.com) that was supplied by 
Biocon (Spain). Glucose, galactose, lactose monohydrate and o-nitrophenyl-β-D-
galactopyranoside (ONPG) were from Sigma-Aldrich. 3-Galactobiose, 4-galactobiose, 6-
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galactobiose, 6-O-β-galactosyl-glucose (allolactose) and 4´-O-β-galactosyl-lactose were from 
Carbosynth (Berkshire, UK). Skim milk “Hacendado” was purchased from Mercadona 
supermarket (Spain). All other reagents and solvents were of the highest available purity and 
used as purchased.  
3.2.2. Activity assay 
The enzymatic activity towards o-nitrophenyl-β-D-galactopyranoside (ONPG) was 
measured at 40°C following o-nitrophenol release at 405 nm using a microplate reader 
(Versamax, Molecular Devices). The reaction was started by adding 10 µl of the enzyme 
(conveniently diluted) to 190 µl of 15 mM ONPG in 0.1 M sodium acetate buffer (pH 5.5). The 
increase of absorbance at 405 nm was followed in continuous mode during 5 min. The 
extinction molar coefficient of o-nitrophenol at pH 5.5 was determined (537 M-1 cm-1). One unit 
(U) of activity was defined as that corresponding to the hydrolysis of 1 µmol of ONPG per min.  
3.2.3. SDS-PAGE 
SDS-PAGE was performed on 8% polyacrylamide gels, and the proteins were stained 
with colloidal Coomassie Blue (Protoblue Safe, National Diagnostics) diluted with ethanol. 
HMW-SDS calibration quit (53-220 kDa) was from GE Healthcare Bio-Sciences. LMW-SDS 
calibration quit (15-150 kDa) was from Novagen. 
3.2.4. Thermostability of B. circulans β-galactosidase 
The enzyme (approx. 5.5 U/ml) was incubated at different temperatures (40-60°C) in 
0.1 M sodium acetate buffer (pH 5.5). Aliquots were harvested at different times, and the 
remaining activity towards ONPG was determined as described above (after convenient 
dilution of the enzyme).  
3.2.5. Production of galacto-oligosaccharides from lactose solution 
The reaction mixture (20 ml) contained 400 g/l lactose (34.7% w/w) in 0.1 M sodium 
acetate buffer (pH 5.5). The biocatalyst (Biolactase) was then added to adjust the β-galactosidase 
activity in the reaction mixture to 1.5 U/ml or 15 U/ml. The mixture was incubated at 40°C in an 
orbital shaker (Vortemp 1550) at 200 rpm. At different times, 200 µl aliquots were harvested 
from the reaction vessel and mixed with 800 µl of 0.4 M Na2CO3 (pH 11.0) in order to stop the 
reaction. Samples were filtered using 0.45 µm cellulose filters (National Scientific) coupled to 
eppendorf tubes by centrifugation during 5 min at 6000 rpm. For each sample, two dilutions 
with water (1:400 and 1:4000) were done for HPAEC-PAD analysis.  
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3.2.6. Production of galacto-oligosaccharides from skim milk 
Biolactase was added to skim milk (20 ml) to adjust the β-galactosidase activity in the 
reaction vessel to 1.5 U/ml. The mixture was then incubated at 40°C in an orbital shaker 
(Vortemp 1550) at 200 rpm. At different times, 200 µl aliquots were harvested from the reaction 
vessel and mixed with 800 µl of 0.4 M Na2CO3 (pH 11.0) to stop the reaction. Samples were 
filtered, conveniently diluted and analyzed as described elsewhere. 
3.2.7. HPAEC-PAD analysis 
Product analysis was carried out by high performance anion-exchange chromatography 
coupled with pulsed amperometric detection (HPAEC-PAD) on a ICS3000 Dionex system  
consisting of a SP gradient pump, an electrochemical detector with a gold working electrode 
and Ag/AgCl as reference electrode, and an autosampler (model AS-HV). All eluents were 
degassed by flushing with helium. A pellicular anion-exchange 4 x 250 mm Carbo-Pack PA-1 
column (Dionex) connected to a 4 x 50 CarboPac PA-1 guard column was used at 30°C. Eluent 
preparation was performed with MilliQ water and 50% (w/v) NaOH (Sigma-Aldrich). The 
initial mobile phase was 15 mM NaOH at 1.0 ml/min for 28 min. A gradient from 15 mM to 200 
mM NaOH was performed in 7 min at 1.0 ml/min, and 200 mM NaOH was maintained for 25 
min. In order to increase the sensitivity of the detector at low NaOH concentrations, a Dionex 
PC10 postcolumn delivery system with 0.2 M NaOH was used at 96 psi. The peaks were 
analyzed using Chromeleon software. Identification of the different carbohydrates was done 
based on commercially available standards or purified in our laboratory as described in a 
previous paper (Rodriguez-Colinas et al. 2011). 
3.2.8. Purification of GOS by semipreparative HILIC 
For the isolation of unknown GOS in the mixture, the reaction was stopped when GOS 
yield reached the maximum value. The biocatalyst (Biolactase) was inactivated by boiling the 
solution for 10 min. The reaction mixture was filtrated and the solution was purified by 
semipreparative hydrophilic interaction chromatography (HPLC-HILIC). A quaternary pump 
(Delta 600, Waters) coupled to a LiChrospher-NH2 column (5 mm, 10 x 250 mm, Merck) was 
used. The column temperature was kept constant at 30°C. Acetonitrile/water 90/10 (v/v), 
degassed with helium, was used as mobile phase (flow rate 6.25 ml/min) for 8 min. Then, a 
gradient to acetonitrile/water 80/20 (v/v) was performed in 3 min, and this eluent was 
maintained during 6 min. Finally, a gradient from the latter mobile phase to acetonitrile/water 
75/25 (v/v) was performed in 3 min, and maintained for 15 min. Peaks were detected using an 
evaporative light-scattering detector DDL-31 (Eurosep) equilibrated at 60°C. A three-way flow 
splitter (model Acurate, Dionex) and a fraction collector II (Waters) were employed. The 
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fractions containing the main peaks were pooled and the solvent was eliminated by rotary 
evaporation.  
3.2.9. Mass spectrometry 
Samples were analyzed by MALDI-TOF mass spectrometry (Bruker, model Ultraflex III 
TOF-TOF) using 2,5-dihydroxybenzoic acid doped with sodium iodide as matrix, in positive 
reflector mode. 
3.2.10. Nuclear Magnetic Resonance (NMR) 
The structure of the oligosaccharides was elucidated using a combination of 1D (1H, 13C) 
and 2D (COSY, TOCSY, NOESY, HSQC) NMR techniques. The spectra of the samples, 
dissolved in deuterated water (ca. 10 mM), were recorded on a Bruker AVANCE DRX500 
spectrometer equipped with a tunable broadband 1H/X probe with a gradient in the Z axis, at a 
temperature of 298 K. Chemical shifts were expressed in ppm with respect to the 0 ppm point of 
DSS, used as internal standard. COSY, TOCSY, NOESY and HSQC standard pulse sequences 
were provided by Bruker. COSY, TOCSY (80 ms mixing time), and NOESY (500 ms mixing 
time) experiments were performed with a minimum of 8, 16 and 48 scans, respectively, with 256 
increments in the indirect dimension and with 1024 points in the acquisition dimension. The 
spectral widths were 9 ppm in both dimensions. The HSQC experiment (16 scans) also used 256 
increments in the indirect dimension and with 1024 points in the acquisition dimension. The 
spectral width was 120 ppm in the indirect dimension and 9 ppm in the acquisition one.  
3.3. RESULTS AND DISCUSSION 
3.3.1. GOS specificity of Bacillus circulans β-galactosidase 
A novel commercial preparation of β-galactosidase from Bacillus circulans (Biolactase) 
was studied. SDS/PAGE gel (Fig. 3.1) showed the presence in Biolactase of different proteins 
with molecular mass in the range 75-200 kDa, which according to Song et al. 2011 makes 
probable the existence of various β-galactosidase isoforms in the enzyme preparation.  
This was also confirmed by native PAGE with 4-methylumbelliferyl-β-D-
galactopyranoside, which showed various active bands in that range (data not shown). The 
volumetric activity of Biolactase towards o-nitrophenyl-β-D-galactopyranoside (ONPG) was 
2740 U/ml. Protein concentration was 15.4 mg/ml, and the specific activity accounted for 18.3 
U/mg protein. We studied in detail the synthesis of galacto-oligosaccharides (GOS) catalyzed by 
Biolactase using 400 g/l lactose and 1.5 U/ml (β-galactosidase activity towards ONPG), in 
particular the selectivity of the bonds formed. It is well reported that the chemical structure of 
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the obtained oligosaccharides (composition, 
number of hexose units and types of linkages 
between them) may affect their fermentation 
pattern by probiotic bacteria in the gut 
(Cardelle-Cobas et al. 2011; Martinez-
Villaluenga et al. 2008). 
Fig. 3.2 shows the HPAEC-PAD 
chromatogram of the reaction mixture at the 
point of maximum GOS concentration. Peaks 
1, 2 and 4 correspond to galactose, glucose 
and lactose, respectively. As illustrated in the 
chromatogram, the two main products 
present in the reaction mixture were peaks 10 
and 16. Using a commercial standard, peak 
10 was identified as the trisaccharide 4´-
galactosyl-lactose [Gal-β(1→4)-Gal-β(1→4)-
Glc]. Peak 16 was purified by 
semipreparative HILIC, as the sugar 
concentration in samples for HPAEC-PAD 
analysis was too low for an efficient scaling-
up. The mass spectrum of peak 16 showed that it was a tetrasaccharide (data not shown). 
Analysis of the NMR spectra permitted assessment of the presence of five anomeric signals. 
Further inspection of the spectra allowed us to assign three of them as coming from the Gal 
residues, while the other two aroused from the Glc moiety (α and β anomers).  
From the combination of the information derived from COSY, TOCSY, NOESY and 
HSQC (Fig. 3.3A), most of the relevant 1H and 13C resonance signals belonging to the different 
residues could be assigned. The key information on the substitution pattern was extracted from 
the analysis of the HSQC experiment. The three cross peaks for the three Gal H4/C4 atom pairs 
were first identified. Their distinct chemical shifts permitted to distinguish that two of them 
belonged to glycosylated Gal O-4 atoms, while the third one was non-substituted at O-4. From 
the cross peaks pattern in the TOCSY experiment it was possible to identify the corresponding 
intra-residual Gal H-1 anomeric signals for each Gal H-4. Then, the sequential connectivity of 
the sugar chain moieties was derived in a straightforward manner from the inter-residual cross 
peaks in the NOESY experiment. On this basis, the NMR data for peak 16 are consistent with a 
molecule which shows two galactosyl moieties β(1→4) linked to O-4 at the galactose unit of 
lactose, resulting in the tetrasaccharide Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc. 
Fig.  3.1. SDS-PAGE of β-galactosidase from B. 
circulans (Biolactase). Lanes: 1, marker proteins 
(53−220 kDa); 2, Biolactase diluted 1:200; 3, 
Biolactase diluted 1:1000; 4, marker proteins 
(15−150 kDa). 
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Fig. 3.2. HPAEC-PAD analysis of the reaction of lactose with Bacillus circulans β-galactosidase (Biolactase). 
Peaks: 1, galactose; 2, glucose; 3, allolactose; 4, lactose; 5, 4-galactobiose; 6, 6´-galactosyl-lactose; 7, 3-
galactosyl-glucose; 10, 4´-galactosyl-lactose; 14, Gal-β(1→4)-Gal-β(1→3)-Glc; 16, Gal-β(1→4)-Gal-β(1→4)-
Gal-β(1→4)-Glc; (8, 9, 11−13,15) other GOS (unknown). The chromatogram corresponds to the reaction 
mixture after 77.5 h with Biolactase. 
Commercially available standards and other GOS purified in our previous work with the 
β-galactosidase from Kluyveromyces lactis (Rodriguez-Colinas et al. 2011) allowed us to identify 
in the chromatograms the disaccharides allolactose [Gal-β(1→6)-Glc] (peak 3), 4-galactobiose 
[Gal-β(1→4)-Gal] (peak 5) and Gal-β(1→3)-Glc (peak 7), as well as the trisaccharide 6´-
galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-Glc] (peak 6). We also purified peak 14 by 
semipreparative HILIC, whose mass spectrum indicated that it was a trisaccharide. In this case, 
the NMR spectra displayed four anomeric signals: two of them from the Gal residues and the 
two other from the Glc moiety (α and β). Following the same methodology described above, the 
combined analysis of the HSQC (Fig. 3.3B) and TOCSY spectra permitted the existence of one 
terminal non-reducing Gal residue, one O-4 substituted Gal moiety, along with a terminal 
reducing Glc unit, substituted at O-3, to be distinguished. Thus, the NOESY spectrum permitted 
assessment of the sequential connectivity, indicating that peak 14 indeed corresponded to the 
trisaccharide Gal-β(1→4)-Gal-β(1→3)-Glc. Peaks 8, 9, 11, 12, 13 and 15 remained unknown. 
It is worth emphasizing that the two major products synthesized by B. circulans β-
galactosidase [the trisaccharide 4´-galactosyl-lactose and the tetrasaccharide [Gal-β(1→4)-Gal-
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β(1→4)-Gal-β(1→4)-Glc] contained only β(1→4) bonds. This result goes further in the control of 
regioselectivity by an appropiate selection of the enzyme. Yanahira et al. 1995 were the first in 
performing structural analysis of the GOS formed by B. circulans β-galactosidase (Biolacta from 
Daiwa Kasei); they reported that the main product was 4´-galactosyl-lactose, but the formation 
of tetrasaccharides was not mentioned. In such paper, several disaccharides and trisacccharides 
were purified and characterized; the authors reported the presence of various GOS with β(1→2) 
bonds, which may correspond to some of the unknown peaks in our study. Recently, Song et al. 
2011 analyzed the GOS production by the different isoforms of B. circulans β-galactosidase. 
Although the authors found significant differences in total GOS yield, the structural analysis of 
the synthesized compounds was not reported. 
 
Fig. 3.3. 2D-NMR heteronuclear single-quantum coherence (HSQC) analysis of two galacto-
oligosaccharides obtained in the reaction of lactose with Bacillus circulans β-galactosidase: (A) 
tetrasaccharide Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc; (B) trisaccharide Gal-β(1→4)-Gal-β(1→3)-Glc. 
Only the most relevant signals are assigned and labeled. 
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The product specificity of B. circulans β-galactosidase contrasts with that of the K. lactis 
counterpart. The latter exhibits a tendency to synthesize β(1→6) bonds: the main products in 
the reaction mixture are the disaccharides 6-galactobiose [Gal-β(1→6)-Gal] and allolactose [Gal-
β(1→6)-Glc], as well as the trisaccharide 6´-galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-Glc] 
(Rodriguez-Colinas et al. 2011; Martinez-Villaluenga et al. 2008). Another difference between 
both enzymes deals with the formation of disaccharides, because B. circulans β-galactosidase 
yields a moderate amount of allolactose (peak 3), 4-galactobiose (peak 5) and 3-galactosyl-
glucose (peak 7), whereas the K. lactis enzyme is able to use efficiently free galactose and 
glucose as acceptors yielding 6-galactobiose and allolactose, respectively, in notable yields 
(Rodriguez-Colinas et al. 2011). 
3.3.2. Kinetics of GOS synthesis  
Table 3.1 summarizes the evolution of carbohydrate composition of the reaction mixture 
employing 400 g/l lactose and 1.5 U/ml Biolactase as biocatalyst. The contribution of the main 
components (glucose, galactose, lactose and the two major transglycosylation products with 
β(1→4) bonds), as well the rest of synthesized GOS considered as a pool, are reported. It has 
been broadly demonstrated that the maximum GOS yield is basically determined by the 
intrinsic enzyme properties (transgalactosylation to hydrolysis ratio) as well as substrate 
concentration (Plou et al. 2007). 
Table 3.1. Composition of the reaction mixture (weight percentage referred to the total amount of 
carbohydrates) using 400 g/l lactose and 1.5 U/ml β-galactosidase from Bacillus circulans (Biolactase)a. 
Reaction 
time (h) 
Gal 
(%) 
Glc 
(%) 
Lact 
(%) 
Gal-β(1→4)-Gal-
β(1→4)-Glc (%) 
Gal-β(1→4)-Gal-β(1→4)-
Gal-β(1→4)-Glc (%) 
Other 
GOS (%) 
Total 
GOS (%) 
0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 
1.0 0.2 2.9 92.1 4.5 0.1 0.2 4.8 
2.0 0.4 5.7 85.6 7.6 0.4 0.3 8.3 
3.0 0.4 6.2 79.1 13.2 0.7 0.4 14.3 
6.0 0.6 8.7 67.4 20.2 2.1 1.0 23.3 
9.0 0.8 8.5 65.6 19.7 3.2 2.2 25.1 
12.0 1.3 16.1 58.9 17.1 3.6 3.0 23.7 
22.0 2.4 22.4 45.9 17.9 4.7 6.7 29.3 
32.5 2.8 24.5 38.4 20.0 4.9 9.4 34.3 
47.0 3.5 26.8 34.3 18.1 4.8 12.5 35.4 
56.5 3.0 26.2 32.3 20.3 4.7 13.5 38.5 
71.0 3.3 26.4 30.3 20.4 4.5 15.2 40.1 
77.5 3.8 25.6 29.3 22.1 2.7 16.5 41.3 
94.5 4.2 27.4 29.3 18.4 2.8 17.9 39.1 
103.0 4.3 28.0 28.7 17.5 2.5 19.0 39.0 
277.0 4.9 29.8 26.7 14.2 2.0 22.4 38.6 
319.0 5.7 30.0 23.0 14.8 3.3 23.2 41.3 
418.0 7.9 29.6 22.6 12.4 3.0 24.5 39.9 
aExperimental conditions: 0.1 M sodium acetate buffer (pH 5.5), 40°C.  
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In our work, the maximum GOS yield (41.3%, corresponding to a concentration of 165 
g/l) was observed at 77.5 h, when lactose conversion accounted for 70%. This value is in the 
upper range of GOS yields reported (40-45%) (Splechtna et al. 2006; Rabiu et al. 2001; Hansson et 
al. 2001), and is similar to that described for the isoform β-galactosidase-2 from B. circulans 
(Song et al. 2011). However, GOS yields are generally lower than those reported for other 
related prebiotics such as fructo-oligosaccharides (approx. 65%) using similar strategies (Ghazi 
et al. 2006; Alvaro-Benito et al. 2007). 
The GOS concentration changes substantially with reaction time because GOS are 
simultaneously synthesized and hydrolyzed by β-galactosidases (Park & Oh 2010; Splechtna et 
al. 2006). In consequence, the time at which reaction is harvested has a crucial influence on GOS 
yield (Gosling et al. 2010). Although the concentration of the two main transgalactosylation 
products (containing only β(1→4) bonds) reached a maximum followed by a progressive 
decrease (Table 3.1), the GOS production maintained nearly constant after 70 h (Fig. 3.4A) 
because the synthesis of other GOS increased with time. In particular, two disaccharides with 
β(1→6) and β(1→3) bonds (allolactose and Gal-β(1→3)-Glc, respectively) contributed 
significantly to the GOS concentration at the latter stages of the reaction. This effect could be 
explained by the hydrolytic activity of the enzyme, as β-galactosidases are specific for the 
cleavage of β(1→4) bonds compared with β(1→3) or β(1→6) bonds present in other GOS. 
Fig. 3.4A shows the progress of total GOS formation, and Fig. 3.4B their distribution 
based on their polymerization degree. It is worth noting that the remaining lactose at 400 h was 
still high (23%) compared with similar processes using other glycosidic enzymes (Maischberger 
et al. 2010; Rodriguez-Colinas et al. 2011; Chockchaisawasdee et al. 2005). This effect could be 
caused by an inactivation of the β-galactosidase during the process. The experiment depicted in 
Fig. 3.4 was carried out at 1.5 U/ml, which is a lower enzyme concentration than the typically 
used with β-galactosidases (3-12 U/ml) (Martinez-Villaluenga et al. 2008; Chockchaisawasdee et 
al. 2005; Lee et al. 2004). 
In fact, at higher enzyme concentrations, reactions are faster and it is less probable to 
detect any effect of enzyme inactivation on reaction progress. To analyze the possible stability 
effect, we added fresh enzyme after 440 h (Fig. 3.4A) and confirmed that the lactose diminished 
up to 31 g/l (7.8%) accompanied by a smooth increase of the GOS formed, especially in the 
contribution of disaccharides (Fig. 3.4B). 
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Fig. 3.4. Kinetics of GOS formation at 1.5 U/ml using 400 g/l lactose catalyzed by β-galactosidase from 
Bacillus circulans (Biolactase): (A) formation of total GOS; (B) GOS distribution as a function of 
polymerization degree. Reaction conditions: 0.1 M sodium acetate buffer (pH 5.5), 40°C. Dashed line: 
addition of a fresh batch of enzyme after 440 h. 
3.3.3. Effect of enzyme concentration on GOS formation  
 Fig. 3.5 illustrates the thermostability of B. circulans β-galactosidase. As shown, the 
enzyme inactivated very fast between 50-60°C and most of its activity was lost in less than 2 
hours. At 40°C the β-galactosidase lost nearly half of its activity in 10 hours, and from that point 
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the activity decay was slower. Taking into account that enzyme stability is enhanced in the 
presence of sugars (Prasad et al. 2010), the operational conditions (high concentration of lactose) 
are favorable for stability of β-galactosidases (Ghazi et al. 2007). However, the high 
concentration of residual lactose after 400 h using 1.5 U/ml seems to be related with the 
inactivation of the enzyme at long reaction times. 
To minimize the inactivation effect, we performed the GOS synthesis at 10-fold higher 
enzyme concentration (15 U/ml). It has been widely reported that, working under kinetic 
control conditions, enzyme concentration has no effect on the maximum GOS yield as long as 
no enzyme inactivation takes place (Buchholz et al. 2005), and it exerts a marked influence on 
the reaction time at which the maximum oligosaccharide concentration is achieved 
(Chockchaisawasdee et al. 2005; Buchholz et al. 2005). 
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Fig. 3.5. Thermoinactivation of Bacillus circulans β-galactosidase at different temperatures in 0.1 M sodium 
acetate buffer (pH 5.5). Residual activity was determined at the indicated times using the ONPG assay. 
Fig. 3.6A shows that the maximum GOS production at 15 U/ml was achieved in 6.5 h, 
with a yield of 198 g/l. This value corresponds to 49.4% (w/w) of total sugars (Table 3.2), which 
is higher than the value obtained at 1.5 U/ml (165 g/l, 41.3%). Interestingly, the remaining 
lactose at the end of the reaction (10 g/l, 2.5% of total carbohydrates) is significantly lower than 
the obtained at 1.5 U/ml.  This confirms that the stability of B. circulans β-galactosidase is only 
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moderate under typical GOS formation conditions; at 1.5 U/ml, the reaction is stopped before 
reaching the final composition. 
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Fig. 3.6. Kinetics of GOS formation at 15 U/ml using 400 g/l lactose catalyzed by β-galactosidase from 
Bacillus circulans (Biolactase): (A) formation of total GOS; (B) GOS distribution as a function of 
polymerization degree. Reaction conditions: 0.1 M sodium acetate buffer (pH 5.5), 40°C. 
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Table 3.2 summarizes the evolution of the sugar composition of the mixture with time. 
Again, the two major products were those with only β(1→4) bonds, but once formed they were 
fastly hydrolyzed by the β-galactosidase, enriching the mixture with GOS that contained other 
bonds. Fig. 3.6B illustrates the distribution of di-, tri- and tetrasaccharides with time. After 30 h, 
the contribution of disaccharides was very significant and even surpassed that of trisaccharides. 
Allolactose, 3-, 4- and 6-galactobioses, and Gal-β(1→3)-Glc were identified in notable amounts 
in the HPAEC-PAD chromatograms. 
Table 3.2. Composition of the reaction mixture (weight percentage referred to the total amount of 
carbohydrates) using 400 g/l lactose and 15 U/ml β-galactosidase from Bacillus circulans (Biolactase)a. 
Reaction 
time (h) 
Gal 
(%) 
Glc 
(%) 
Lact 
(%) 
Gal-β(1→4)-Gal-
β(1→4)-Glc (%) 
Gal-β(1→4)-Gal-β(1→4)-
Gal-β(1→4)-Glc (%) 
Other 
GOS (%) 
Total 
GOS (%) 
0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 
0.5 0.9 12.5 56.7 25.5 3.2 1.2 29.9 
1.0 2.0 16.2 47.6 26.4 5.1 2.7 34.2 
2.0 4.0 19.1 39.9 23.1 5.6 8.3 37.0 
6.5 5.9 18.0 26.7 13.8 3.3 32.2 49.4 
10.0 9.4 31.5 17.2 7.4 1.7 32.9 41.9 
26.0 17.0 37.1 6.9 4.4 0.2 34.5 39.1 
30.5 16.2 33.2 6.8 4.6 0.6 38.6 43.9 
46.0 15.1 35.4 5.0 4.7 0.6 39.1 44.5 
54.5 15.9 37.7 4.5 4.1 0.0 37.8 42.0 
70.5 18.2 40.3 3.3 3.3 0.0 34.9 38.2 
78.0 18.4 39.3 4.6 2.0 0.0 35.7 37.7 
143.0 18.3 41.3 2.4 1.3 0.0 36.6 37.9 
151.0 21.7 39.4 4.8 1.8 0.0 32.4 34.1 
175.0 23.9 42.6 2.4 1.3 0.0 29.8 31.1 
aExperimental conditions: 0.1 M sodium acetate buffer (pH 5.5), 40°C.  
3.3.4. GOS production in skim milk 
Most reports on treatment of milk with β-galactosidases focus on the hydrolytic activity 
to obtain lactose-free products (Puri et al. 2010; Mlichova et al. 2006). The production of GOS in 
milk has been scarcely investigated, probably because the lactose concentration in milk (around 
5% w/v) is not appropiate for an optimal transglycosylation to hydrolysis ratio (Illanes 2011). To 
overcome this limitation, Chen et al. 2002 developed a multi-step process applying 
ultrafiltration to separate lactose from milk proteins, followed by concentration of the permeate 
and further biotransformation with β-galactosidases. A positive aspect for the direct 
biotransformation of lactose in milk into GOS is that the pH of milk (approx. 6.7) is not far from 
the optimum pH of most β-galactosidases. In particular, the β-galactosidase from Bacillus 
circulans is a good choice for dairy products treatment (whole or skim milk, whey, etc.) as it 
presents a notable activity at pH 6.7 and is not inhibited by calcium cations (Mozaffar et al. 1984; 
Mozaffar et al. 1985). 
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Gosling et al. 2009 assayed the B. circulans β-galactosidase preparation Biolacta for GOS 
production in milk in the temperature range 4-60°C. They observed that GOS yield increased 
with temperature, as described in other transglycosylation studies (Linde et al. 2012), but neither 
kinetic nor structural analysis of the synthesized GOS was reported. Greenberg et al. 1983 
reported that GOS accounted for 25% of total sugars in milk (quantified by paper 
chromatography) using the β-galactosidase from Streptococcus thermophiles. 
We performed a detailed analysis of GOS formation in skim milk using Biolactase 
preparation. Initial lactose concentration was 46 g/l, measured by HPAEC-PAD. Fig. 3.7A 
illustrates the kinetics of GOS synthesis at 40°C, where the typical pattern with a maximum 
GOS concentration followed by a progressive disappearance of GOS was observed due to the 
competition that is established between hydrolysis and transglycosylation (kinetic control) 
(Mozaffar et al. 1985; Rodriguez-Alegria et al. 2010). This is clearly represented in Fig. 3.7B that 
shows how the glucose and galactose concentrations tend to converge at the end of the process. 
Maximum GOS yield (7.1 g/l, 15.4% of the total carbohydrates present in milk) was obtained at 
2 h, when the lactose conversion accounted for 52%. Mozaffar et al. 1985 reported a maximum 
amount of GOS close to 5.5% of total sugars, which was obtained at 39% conversion of lactose, 
using a purified β-galactosidase from B. circulans. 
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Fig. 3.7. Kinetics of GOS formation by Biolactase using skim milk: (A) total GOS production; (B) progress 
of glucose and galactose concentrations. Experimental conditions: 1.5 U/ml, 40°C. 
Fig. 3.8 shows the HPAEC-PAD chromatogram close to the point of maximum GOS 
concentration. As shown, the main peaks were the same as those described using 400 g/l lactose. 
The main GOS formed was the trisaccharide Gal-β(1→4)-Gal-β(1→4)-Glc (peak 10). The main 
difference between both experiments (skim milk vs. 400 g/l lactose) was the absence of several 
minor peaks when milk was the lactose source. 
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Fig. 3.8. HPAEC-PAD analysis of the reaction of skim milk with Bacillus circulans β-galactosidase 
(Biolactase) at the point of maximum GOS concentration (2 h). Peaks: 1, galactose; 2, glucose; 4, lactose; 5, 
4-galactobiose; 7, 3-galactosyl-glucose; 10, 4´-galactosyl-lactose; 16, Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-
Glc. 
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SUMMARY 
The synthesis of galacto-oligosaccharides (GOS) catalyzed by β-galactosidase from 
Aspergillus oryzae (Enzeco) was studied. Using 400 g/l lactose and 15 U/ml, maximum GOS 
yield, measured by HPAEC-PAD analysis, was 107 g/l (26.8% w/w of total carbohydrates in the 
mixture), obtained at approximately 70% of lactose conversion. No less than 17 carbohydrates 
were identified; the major transgalactosylation product was 6´-O-galactosyl-lactose, 
representing nearly one third (in weight) of total GOS. In contrast with previous reports, the 
presence of at least five disaccharides was detected, which accounted for 40% of the total GOS 
at the point of maximum GOS concentration (allolactose and 6-galactobiose were the major 
products). A. oryzae β-galactosidase showed a preference to form β(1→6) bonds, followed by 
β(1→3) and β(1→4) linkages. Results were compared with those obtained with the β-
galactosidases from Kluyveromyces lactis and Bacillus circulans. The highest values of GOS yield 
and specific productivity were achieved with B. circulans β-galactosidase. The specifity of the 
linkages formed and the distribution of di-, tri- and higher oligosaccharides varied significantly 
between the three β-galactosidases. 
4.1. INTRODUCTION 
β-Galactosidase (β-D-galactoside galactohydrolases, EC 3.2.1.23) catalyzes the hydrolysis 
of the galactosyl moiety from the nonreducing end of various oligosaccharides. This enzyme is 
profusely utilized in the dairy industry due to its ability to hydrolyze lactose from milk (Adam 
et al. 2004). In addition, β-galactosidases can catalyze transgalactosylation reactions, in which a 
galactose is transferred to a nucleophilic acceptor different from water, potentially any sugar 
present in the reaction medium, thus forming different oligosaccharides. Transgalactosylation is 
a kinetically controlled reaction, caused by the competition between the reactions of hydrolysis 
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and synthesis. The predominance of synthesis over hydrolysis depends mainly on the origin of 
the β-galactosidase (Boon et al. 2000), the initial sugar concentration (Huber et al. 1976), and the 
water thermodynamic activity (Chen et al. 2001; Chen et al. 2003). If lactose is the initial 
substrate, transgalactosylation results in the production of galacto-oligosaccharides (GOS) 
formed by a mixture of di-, tri-, and even higher oligosaccharides characterized by the presence 
of a terminal glucose and the remaining saccharide units being galactose, and disaccharides 
comprising two units of galactose (Torres et al. 2010; Park et al. 2010).  
 Apart from being non-cariogenic, GOS are non-digestible carbohydrates that modulate 
the colonic microbiota, promoting a healthy balance (Torres et al. 2010). Among other derived 
effects, GOS reduce the level of blood serum cholesterol, improve mineral absorption and 
prevent colon cancer development. In fact, GOS constitute the major part of oligosaccharides in 
human milk (Shadid et al. 2007; Rastall et al. 2005; Gosling et al. 2010). The properties of GOS 
depend significantly on their chemical composition, structure and degree of polymerization 
(Cardelle-Cobas et al. 2011). Depending on the origin of the β-galactosidase, the yield and 
composition of GOS vary significantly (Splechtna et al. 2006; Maischberger et al. 2010; Iqbal et al. 
2010; Rodriguez-Colinas et al. 2011). The most studied β-galactosidases are those from 
Kluyveromyces lactis (Martinez-Villaluenga et al. 2008; Chockchaisawasdee et al. 2005; Maugard et 
al. 2003),  Aspergillus oryzae (Guerrero et al. 2011; Albayrak et al. 2002b; Iwasaki et al. 1996; Vera et 
al. 2012), Bifidobacterium sp. (Toba et al. 1978), and Bacillus circulans (Hsu et al. 2007). It is well 
determined that the chemical structure of the synthesized oligosaccharides (composition, 
number of hexose units and types of linkages between them) may affect their fermentation 
pattern by probiotic bacteria in the gut (Cardelle-Cobas et al. 2011; Rodriguez-Colinas et al. 
2011). 
The β-galactosidase from A. oryzae is a monomeric enzyme whose molecular mass and 
isoelectric point are 105 kDa (Gosling et al. 2011) and 4.6 (Tanaka et al. 1975; Ansari et al. 2010), 
respectively. Its optimum temperature is in the range 45-55°C (Yang et al. 1994; Guidini et al. 
2010) and shows an optimum pH of 4.5 with o-nitrophenyl-β-D-galactopyranoside and 4.8 
toward lactose (Hsu et al. 2007) as substrates.  
The β-galactosidase from A. oryzae has been applied to the synthesis of different 
transgalactosylated products such as GOS (Albayrak et al. 2001; Iwasaki et al. 1996; Vera et al. 
2012), lactulose (Guerrero et al. 2011; Mayer et al. 2004), and galactosyl-polyhydroxyalcohols 
(Irazoqui et al. 2009; Klewicki 2007), using both soluble and immobilized enzyme preparations. 
The β-galactosidase from A. oryzae has been immobilized by different strategies including 
entrapment in alginate (Freitas et al. 2011), covalent attachment onto various carriers (Gaur et al. 
2006; Huerta et al. 2011; Neri et al. 2011; Sheu et al. 1998), or combined ionic adsorption and 
crosslinking (Guidini et al. 2011).  
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In this work, we have studied the transgalactosylation activity of a commercial β-
galactosidase preparation from A. oryzae. A detailed kinetic study of the reaction with lactose 
was performed, including the structural identification of the synthesized GOS. Results were 
compared with those obtained with the β-galactosidases from K. lactis and B. circulans. 
4.2. EXPERIMENTAL PROCEDURES 
4.2.1. Materials 
β-Galactosidase from Aspergillus oryzae (ENZECO Fungal Lactase Concentrate, batch no. 
21929) was kindly donated by Enzyme Development Corporation, EDC (New York, USA). 
Glucose, galactose, lactose monohydrate and o-nitrophenyl-β-D-galactopyranoside (ONPG) 
were from Sigma-Aldrich. 3-O-β-Galactosyl-galactose (3-galactobiose), 4-O-β-galactosyl-
galactose (4-galactobiose), 6-O-β-galactosyl-galactose (6-galactobiose), 6-O-β-galactosyl-glucose 
(allolactose) and 4´-O-β-galactosyl-lactose were from Carbosynth (Berkshire, UK). All other 
reagents and solvents were of the highest available purity and used as purchased.  
4.2.2. Activity assay 
The enzymatic activity towards o-nitrophenyl-β-D-galactopyranoside (ONPG) was 
measured at 25°C following o-nitrophenol (ONP) release at 420 nm using a microplate reader 
(Versamax, Molecular Devices). The reaction was started by adding 10 µl of the enzyme 
(properly diluted) to 190 µl of 45 mM ONPG solution in 0.1 M citrate-phosphate buffer (pH 4.5). 
The increase of absorbance at 420 nm was followed in continuous mode during 2 min. The 
extinction molar coefficient of ONP under assay conditions was 230 M-1 cm-1. One international 
unit of activity (U) was defined as that corresponding to the hydrolysis of 1 µmol of ONPG per 
min under the above conditions.  
4.2.3. Production of galacto-oligosaccharides from lactose  
The reaction mixture (25 ml) contained 400 g/l lactose (34.7% w/w) prepared in 0.1 M 
citrate-phosphate buffer, pH 4.5. The biocatalyst was added to adjust the β-galactosidase 
activity in the reaction mixture (measured with ONPG) to 15 U/ml. The mixture was incubated 
at 40°C in an orbital shaker (Vortemp 1550) at 200 rpm. At different times, 200 µl aliquots were 
harvested from the reaction vessel and the reaction was stopped incubating the sample in a 
Thermo Shaker TS-100 (Boeco) at 96°C. Samples were filtered using 0.45 µm cellulose filters 
(National Scientific) coupled to eppendorf tubes by centrifugation during 5 min at 6000 rpm. 
For each sample, two dilutions with water (1:400 and 1:4000) were done before HPAEC-PAD 
analysis.  
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4.2.4. HPAEC-PAD analysis 
Product analysis was carried out by high performance anion-exchange chromatography 
coupled with pulsed amperometric detection (HPAEC-PAD) on a ICS3000 Dionex system  
consisting of a SP gradient pump, an electrochemical detector with a gold working electrode 
and Ag/AgCl as reference electrode, and an autosampler (model AS-HV). All eluents were 
degassed by flushing with helium. A pellicular anion-exchange 4 x 250 mm Carbo-Pack PA-1 
column (Dionex) connected to a 4 x 50 mm CarboPac PA-1 guard column was used at 30°C. 
Eluent preparation was performed with MilliQ water and 50% (w/v) NaOH (Sigma-Aldrich). 
The initial mobile phase was 15 mM NaOH for 28 min.; then, a gradient from 15 mM to 200 mM 
NaOH was performed in 7 min, and finally 200 mM NaOH was maintained for 25 min. The 
flow rate of the mobile phase was 1.0 ml/min along the analysis. Peaks were analyzed using 
Chromeleon software. The identification of the different carbohydrates was done based on 
commercially available standards or products purified in our laboratory as described in 
previous papers (Rodriguez-Colinas et al. 2011; Rodriguez-Colinas et al. 2012). For those 
compounds whose standard was not available, quantification was performed on the basis of the 
calibration curve of standards with the same degree of polymerization. 
4.2.5. Purification of GOS by semipreparative HILIC 
For the isolation of unknown GOS in the mixture, the reaction was stopped after 15 min. 
The biocatalyst was inactivated by boiling the solution for 10 min. The reaction mixture was 
filtrated and the solution was purified by semipreparative hydrophilic interaction 
chromatography (HPLC-HILIC). A quaternary pump (Delta 600, Waters) coupled to a 
Kromasil-NH2 column (5 mm, 10 x 250 mm, Merck) was used. The column temperature was 
kept constant at 30°C. The mixture acetonitrile/water 72/28 (v/v) was degassed with helium and 
used as mobile phase (flow rate 8 ml/min) for 40 min. Peaks were detected using an evaporative 
light-scattering detector DDL-31 (Eurosep) equilibrated at 60°C. A three-way flow splitter 
(model Acurate, Dionex) and a fraction collector II (Waters) were employed. The fractions 
containing the main peaks were pooled and the solvent was eliminated by rotary evaporation.  
4.2.6. Mass spectrometry 
Samples were analyzed by MALDI-TOF mass spectrometry (Bruker, model Ultraflex III 
TOF-TOF) using 2,5-dihidroxybenzoic acid doped with sodium iodide as matrix, in positive 
reflector mode. 
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4.2.7. Nuclear Magnetic Resonance (NMR) 
The structure of the oligosaccharides was elucidated using a combination of 1D (1H, 13C) 
and 2D (COSY, TOCSY, NOESY, HSQC) NMR techniques. The spectra of the samples, 
dissolved in deuterated water (ca. 10 mM), were recorded on a Bruker AVANCE DRX500 
spectrometer equipped with a tunable broadband 1H/X probe with a gradient in the Z axis, at a 
temperature of 298 K. 
4.3. RESULTS AND DISCUSSION 
4.3.1. GOS specificity of A. oryzae β-galactosidase 
 The synthesis of GOS catalyzed by a preparation of commercially available β-
galactosidase from A. oryzae (Enzeco Fungal Lactase) was studied using 400 g/l lactose and 15 
U/ml. First, the product selectivity of this enzyme was analyzed by HPAEC-PAD. Figure 4.1 
shows the HPAEC-PAD chromatogram of the reaction mixture obtained when the maximum 
GOS concentration is reached, identifying the presence of at least 17 products in the reaction 
mixture. Peaks 1, 2 and 5 correspond to galactose, glucose, and lactose, respectively. In addition 
to commercial standards, several GOS purified in our previous work with the β-galactosidase 
from K. lactis (Rodriguez-Colinas et al. 2011) allowed us to identify in the chromatogram the 
disaccharide 3-O-β-galactosyl-glucose (peak 10) and the trisaccharide 6´-O-galactosyl-lactose 
(peak 8).  
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Fig. 4.1. HPAEC-PAD analysis of the reaction of lactose with A. oryzae β-galactosidase.  The chromatogram 
corresponds to the reaction mixture after 7 h. Reaction conditions: 400 g/l lactose, 15 U/ml, 0.1 M citrate-
phosphate buffer (pH 4.5), 40°C. Peak assignation for GOS is described in Table 4.1. Peaks 1, 2 and 5 
correspond to galactose, glucose and lactose, respectively. 
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Table 4.1 shows the peak assignation for most of the products in the HPAEC-PAD 
chromatogram, as well as their contribution to total GOS concentration.  
Table 4.1. Composition of GOS synthesized by β-galactosidase from Aspergillus oryzae. 
Peak Type Compound Short name 
Contribution to 
total GOS 
concentration (g/l) 
3 Disaccharide Gal-β(1→6)-Gal 6-galactobiose 11.6 
4 Disaccharide Gal-β(1→6)-Glc allolactose 18.4 
6 Disaccharide Gal-β(1→3)-Gal 3-galactobiose 2.3 
7 Disaccharide Gal-β(1→4)-Gal 4-galactobiose 3.2 
8 Trisaccharide Gal-β(1→6)-Gal- β(1→4)-Glc 
6´-O-β-galactosyl-
lactose 
31.8 
9 Trisaccharide a unknown unknown 9.3 
10 Disaccharide Gal-β(1→3)- Glc 
3-O-β-galactosyl-
glucose 
7.2 
11 Tetrasaccharide 
Gal-β(1→6)- Gal-β(1→6)-Gal- β(1→4)-
Glc b 
6’-O-β-(6-galactobiosyl)-
lactose 
4.5 
12 Trisaccharide a unknown unknown 1.7 
13 Trisaccharide a unknown unknown 2.3 
14 Trisaccharide Gal-β(1→4)-Gal- β(1→4)-Glc 
4´-O-β-galactosyl-
lactose 
6.7 
15 Trisaccharide a unknown unknown 1.7 
16 Trisaccharide Gal-β(1→3)-Gal- β(1→4)-Glc c 
3´-O-β-galactosyl-
lactose 
4.4 
17 Tetrasaccharide unknown unknown 2.6 
a Proposed on the basis of their retention times. b Proposed structure based on enzyme specifity and previous 
bibliography. c Proposed structure based on NMR data. 
 
 The main galacto-oligosaccharide synthesized by this enzyme was the trisaccharide 6´-
O-β-galactosyl-lactose, representing almost one third (in weight) of total GOS produced at the 
point of maximum yield. Several disaccharides with different glycosidic bonds were also 
identified, involving two units of galactose (galactobioses) or one glucose and one galactose. 
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The major disaccharide produced was 6-O-β-galactosyl-glucose (allolactose), representing 
18.4% of total GOS synthesized at the point of maximum yield.   
 
Fig. 4.2. Mass spectra of peaks 11 (A) and 16 (B) in the HPAEC-PAD chromatogram. 
 Two unknown reaction products (peaks 11 and 16) were purified by semipreparative 
HILIC for their identification. The mass spectrum of peak 11 indicated that it was a 
tetrasaccharide (Fig. 4.2A). The purity of this compound was not enough for an unambiguous 
structure determination; however, based on the preference of this enzyme for the formation of 
β(1→6) bonds and the high concentration of 6´-O-β-galactosyl-lactose in the reaction medium 
(which may serve as acceptor), we propose that this peak corresponded to Gal-β(1→6)-Gal-
β(1→6)-Gal-β(1→4)-Glc. With respect to peak 16, its mass spectrum indicated that it 
corresponded to a trisaccharide (Fig. 4.2B). The purity of this compounds was not enough for 
an structural determination; however, the NMR spectra showed the presence of a β(1→3) 
linkage. As the main contaminants in such a fraction were identified in HPAEC-PAD and 
Capítulo 4 
78 
contained basically β(1→4) and β(1→6) bonds, these results suggested that peak 16 
corresponded to the trisaccharide 3´-O-β-galactosyl-lactose. On the basis of their retention 
times, peaks 9, 12, 13 and 15 were assumed to be trisaccharides (although it should not be ruled 
out that one of them could correspond to a tetrasaccharide, as peak 11 showed an unexpectedly 
low retention time) and peak 17 a tetrasaccharide, although the latter could be a higher 
oligosaccharide. 
Toba et al. 1985 were the first reporting the characterization of some of the tri-, tetra- and 
pentasaccharides synthesized by A. oryzae β-galactosidase. In particular, they mentioned the 
presence of three trisaccharides, 6´-O-β-galactosyl-lactose, 3´-O-β-galactosyl-lactose, and Gal-
β(1→4)-Gal-β(1→6)-Glc (the latter was never identified in the chromatograms of the present 
work); two tetrasaccharides: Gal-β(1→6)-Gal-β(1→6)-Gal-β(1→4)-Glc, Gal-β(1→6)-Gal-β(1→3)-
Gal-β(1→4)-Glc, and one pentasaccharide, Gal-β(1→6)-Gal-β(1→6)-Gal-β(1→6)-Gal-β(1→4)-
Glc. Srisimarat and Pongsawasdi 2008 also identified 6´-O-β-galactosyl-lactose among the 
synthesized GOS, using in this case A. oryzae β-galactosidase colyophilized with β-cyclodextrin. 
Neri et al. 2011 characterized several of the GOS obtained with a preparation of A. oryzae β-
galactosidase covalently immobilized onto a hydrazide-Dacron-magnetite composite. In 
particular, they identified three of the GOS previously characterized by Toba et al. 1985: the 
trisaccharides 6´-O-β-galactosyl-lactose and Gal-β(1→4)-Gal-β(1→6)-Glc, and the 
tetrasaccharide Gal-β(1→6)-Gal-β(1→6)-Gal-β(1→4)-Glc. The authors also mentioned the 
presence of a disaccharide containing a β(1→6) bond, but no information on its composition 
and structure was given. 
4.3.2. Kinetics of GOS synthesis  
Fig. 4.3 illustrates the kinetics of GOS production at 40°C using 400 g/l lactose and an 
enzyme concentration of 15 U/ml. A maximum GOS concentration of 107 g/l (26.8% w/w of the 
total amount of sugars) was obtained at 7 h of reaction, corresponding to approximately 70% of 
lactose conversion. Beyond 7 h of reaction, hydrolysis was the predominant reaction resulting 
in a slow decrease of GOS concentration to values close to 60 g/l, whereas monosaccharide 
concentration increased up to 330 g/l. The difference of concentration between glucose and 
galactose decreased after the point of maximum GOS yield as a consequence of the increase in 
the hydrolysis to transgalactosylation ratio. 
Before comparing these results with other related studies, it is important to consider the 
effects of several operational parameters on GOS production. Regarding the influence of pH 
and temperature on GOS synthesis, it has been found that even though both parameters affect 
reaction rate, they do not affect maximum GOS concentration (Neri et al. 2011; Albayrak and 
Yang 2002a). However, it has been proved that the increase in lactose concentration has a strong 
positive effect on maximum GOS yield attained (Iwasaki et al. 1996; Matella et al. 2006). 
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Therefore, initial lactose concentration should be considered for a sound comparison with other 
studies. Albayrak and Yang 2002, working with A. oryzae β-galactosidase at initial lactose 
concentration of 500 g/l obtained a GOS yield of 27% (w/w), of which approximately 70% were 
trisaccharides (Albayrak and Yang 2002b). In agreement with these results, Neri et al. 2011 using 
an initial lactose concentration of 500 g/l and 40°C, obtained a GOS yield of 26.1% (77.4% of 
trisaccharides and 22.6% of tetrasaccharides). No significant differences were observed when 
employing the free or immobilized enzyme. Huerta et al. 2011 reported a GOS yield of 29% 
using an initial lactose concentration of 546 g/l. GOS composition was approximately 66% 
trisaccharides, 24% tetrasaccharides, and 10% of pentasaccharides, without significant 
differences when using the soluble or the glyoxyl-agarose immobilized enzyme. Gaur et al. 2006 
reported that, when starting with a 200 g/l lactose solution, A. oryzae β-galactosidase formed 
only trisaccharides, with a maximum concentration of 22.6% (w/w) for soluble enzyme and 
25.5% (w/w) for a chitosan-immobilized biocatalyst. Guleç et al. 2010 reported the production of 
mainly trisaccharides, with a maximum of GOS concentration of 20.8% (w/w) using a 320 g/l 
lactose solution and 55°C.  
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Fig. 4.3. Kinetics of GOS synthesis catalyzed by β-galactosidase from A. oryzae.  Reaction conditions: 400 
g/l lactose, 15 U/ml, 0.1 M citrate-phosphate buffer (pH 4.5), 40°C.  
One of the main contributions of the present work was the quantification of the main 
product 6´-O-β-galactosyl-lactose and the identification and quantification of five disaccharides 
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in the reaction mixture, two of them containing a β(1→6) bond,  other two with a β(1→3) bond, 
and one with a β(1→4) bond, representing 27.9, 8.8 and 3.0% of total GOS, respectively.  
 Our results show that the contribution of disaccharides to total GOS was quite 
significant, a finding that is normally disregarded for A. oryzae β-galactosidase because 
disaccharides are generally masked by lactose using common analytical methods. At the point 
of maximum GOS concentration (7 h, Fig. 4.3) the amounts of di-, tri- and higher 
polymerization degree oligosaccharides (expressed in weigh percentage referred to the total 
sugars) was 10.7, 14.5 and 1.8%, respectively.  In this context, the closely related β-galactosidase 
from A. niger is also able to synthesize at least five disaccharides other than lactose, including 
two galacto-oligosaccharides (3- and 6-galactobiose) and the lactose isomer resulting from the 
transfer of a galactosyl group to the C-2, C-3, or C-6 of a released glucose (Toba and Adachi 
1978). 
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Fig. 4.4. Analysis of GOS formed by β-galactosidase from A. oryzae as a function of time. Reaction 
conditions: 400 g/l lactose, 15 U/ml, 0.1 M citrate-phosphate buffer (pH 4.5), 40°C. 
 Considering that the degree of polymerization (Gopal et al. 2001; Van Laere et al. 2000), 
and the glycosidic linkages present in GOS (Cardelle-Cobas et al. 2011) affect the fermentation 
pattern by bacteria in the gut microbiota, the kinetics of formation of the main oligosaccharides 
may constitute useful information to control product properties at will. Taking into account 
only the two major disaccharides (allolactose and 6-galactobiose) and trisaccharides (6´-O-β-
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galactosyl-lactose and 4´-O-β-galactosyl-lactose). Fig. 4.4 illustrates the kinetic analysis of the 
four products formation, related to total GOS in the mixture. The time at which maximum 
concentration is reached varied drastically according to the polymerization degree of the 
product, corresponding to 2 h and 23 h for tri- and disaccharides, respectively. The profile of 
allolactose formation indicates that in the case of this β-galactosidase, the mechanism involved 
in its production is mainly an intermolecular reaction, as this disaccharide reaches its maximum 
concentration when the amount of free glucose accounts for 43% of total sugars. In the case of 
other sources of β-galactosidases, intra- and intermolecular mechanisms may be implicated 
(Huber et al. 1976; Iqbal et al. 2010).  
4.3.3. Comparison of GOS formation with respect to β-galactosidases 
from other origin  
Significant differences in maximum GOS concentration, specific productivity, and 
product specificity were found in the GOS synthesis reaction when using β-galactosidases from 
A. oryzae (this work), K. lactis (Rodriguez-Colinas et al. 2011), and B. circulans (Rodriguez-
Colinas et al. 2012). 
The GOS yield and specific productivity, at the point of maximum concentration, is 
represented in Fig. 4.5A. The synthesis of GOS with B. circulans β-galactosidase resulted in the 
highest GOS yield and specific productivity, with values almost doubling the ones obtained 
with A. oryzae β-galactosidase. Even though K. lactis β-galactosidase produces more than 40% of 
GOS, the specific productivity of the commercial enzyme Lactozym 3000L is low when 
compared to that of B. circulans preparations and is similar to the one obtained with the A. 
oryzae β-galactosidase. 
Product specificity also varied depending on the origin of the enzyme, as illustrated in 
Fig. 4.5B and C. The specific features of A. oryzae β-galactosidase indicate a tendency to form 
preferably β(1→6) bonds, followed by β(1→3) and β(1→4) linkages. In the case of K. lactis β-
galactosidase, the enzyme also exhibits a clear tendency to synthesize β(1→6) bonds, whereas 
the B. circulans counterpart prefers the formation of β(1→4) bonds. Regarding product 
distribution (Fig. 4.5C), the B. circulans enzyme would be the best choice for a product enriched 
in trisaccharides, as they represent more than 60% of total GOS.  However, K. lactis and A. 
oryzae β-galactosidases would be preferable if the target is a product with a significant content 
in di- and trisaccharides. 
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 Fig. 4.5. Comparison of β-galactosidase from A. oryzae, K. lactis and B. circulans: (A) Maximum yield of 
GOS (bars) and specific productivity ( ); (B) Distribution of products with β(1→6), β(1→3) and β(1→4) 
linkages at the point of maximum GOS concentration; and (C) Distribution of di-, tri-, and higher 
oligosaccharides at the point of maximum GOS production. 
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SUMMARY 
The in vitro fermentation properties of several purified galacto-oligosaccharides (GOS), 
specifically the trisaccharides 4’-galactosyl-lactose, 6’-galactosyl-lactose, and a mixture of the 
disaccharides 6-galactobiose and allolactose, was carried out. The bifidogenic effect of GOS at 
1% (w/v) was studied in a pH-controlled batch culture fermentation system inoculated with 
healthy adult human faeces. Results were compared with those obtained with a commercial 
GOS mixture (Bimuno-GOS). Changes in bacterial populations measured through fluoresecence 
in situ hybridization (FISH) and short-chain fatty acid (SCFA) production were determined. 
Bifidobacterium increased after 10 h fermentation for all the GOS substrates, but the changes 
were only statistically significant (P < 0.05) for the mixture of disaccharides and the Bimuno-
GOS. Acetic acid, whose formation is consistent with bifidobacteria metabolism, was the major 
SCFA synthesized. The acetate concentration at 10 h was similar with all the substrates (45-50 
mM) and significantly higher than the observed for formic, propionic and butyric acids. All the 
purified GOS could be considered bifidogenic under the assayed conditions, displaying a 
selectivity index in the range 2.1-3.0, which was slightly lower than the determined for the 
commercial mixture Bimuno-GOS. 
5.1. INTRODUCTION 
Human milk contains a complex mixture of proteins, lipids, enzymes, antibodies, 
nutrients and a variety of nondigestible oligosaccharides that provide an immunological 
protection to infants (Zivcovich et al. 2011). It is well reported that breast-fed infants harbor 
much higher level of Bifidobacterium in their faecal microbiota than formula-fed infants due to 
their ability to utilize human milk oligosaccharides (HMOs, Charalampopoulos and Rastall 
2009; Shen et al. 2011). HMOs stimulate the growth of Bifidobacterium and Lactobacillus, thus 
decreasing the faecal pH and reducing the presence of pathogens (Boehm et al. 2005). In this 
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context, the intake of prebiotics such as HMOs influences the composition of the gut microbiota 
by increasing the proportion of these bacteria to other species. This change in bacterial 
populations causes a positive effect on human health as a consequence of immune stimulation, 
inhibition of pathogens, improved absorption of minerals, decrease of serum lipids 
concentration and reduction of cancer risk, among other effects (Gibson 1995; Gibson and 
Rastall 2006; Roberfroid 2007). 
Among the HMOs present in human milk, galacto-oligosaccharides (GOS) constitute a 
major group (Shadid et al. 2007). The total GOS in human milk is approx. 8-12 g/l (Angus et al. 
2007; Macfarlane et al. 2008), with 3’-, 4’- and 6’-galactosyl-lactose as the main components 
(Boehm et al. 2005). In the laboratory, GOS can be synthesized with β-galactosidases (EC 
3.2.1.23) by transgalactosylation reactions in which lactose (or the glucose and galactose 
released by hydrolysis) serve as galactosyl acceptors yielding a series of di-, tri- and 
tetrasaccharides and eventually of higher polymerization degree (Park and Oh 2010; Torres et 
al. 2010). The GOS yield is determined by the balance between hydrolysis and 
transgalactosylation reactions (Hsu et al. 2007; Matella et al. 2006). Depending on the biological 
source of β-galactosidase, the yield and composition of GOS vary notably (Iqbal et al. 2010; 
Maischberger et al. 2010; Splechtna et al. 2006; Urrutia et al. 2013). The complete identification of 
the GOS synthesized by a particular enzyme is a difficult task; in fact, considering the formation 
of β(1→2), β(1→3), β(1→4) and β(1→6) bonds, the number of possible synthesized linear GOS 
accounts for 7 disaccharides, 32 trisaccharides, 128 tetrasaccharides and so on. It is worth 
emphasizing that most of the previous in vitro studies to evaluate the fermentation selectivity of 
GOS have been carried out with complex mixtures (Sanz et al. 2005a; Shen et al. 2011) and only 
in a few cases with purified products (Cardelle-Cobas et al. 2011 and 2012). Therefore, similar 
studies with purified individual GOS would be of great value to understand the effect of GOS 
composition and structure on their properties.  
Fermentation selectivity can be estimated using in vitro fermentation systems inoculated 
with human faecal slurries (Sarbini et al. 2011; Shen et al. 2011). The growth of bacteria can be 
measured by fluorescence in situ hybridization (FISH) employing synthetic fluorescent 
oligonucleotide probes that targets specific regions of the 16S rRNA (Langendijk et al. 1995). 
One of the main functions of the microbiota is to salvage energy from nondigested 
carbohydrates in the upper gut. In particular, Bifidobacterium and Lactobacillus species are 
recognized as health-promoting and thus widely used as probiotics (Gomez et al. 2010; 
Mandalari et al. 2007; Vulevic et al. 2004). Concomitant to the increase of Bifidobacterium and 
Lactobacillus, short-chain fatty acids (SCFA) are produced by oligosaccharide fermentation 
(Charalampopoulos and Rastall 2009) and further absorbed, representing 40-50% of the 
available energy of the carbohydrate. The principal SCFA are acetate, propionate and butyrate, 
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which are metabolized by the colonic epithelium (butyrate), liver (propionate) and muscle 
(acetate) (Cummings and Macfarlane 1997). 
The aim of the present study was the initial in vitro evaluation of the potential prebiotic 
properties of several purified galacto-oligosaccharides with different linkages, and the results 
were compared with a commercial GOS.  
5.2. MATERIALS AND METHODS 
5.2.1. Materials 
The commercial β-galactosidases from Bacillus circulans (Biolactase) and Kluyveromyces 
lactis (Lactozym 3000 L HP G) were supplied by Biocon (Spain) and Novozymes A/S 
(Denmark), respectively. All nucleotide probes used for fluorescence in situ hybridization 
(FISH) were commercially synthesized and labelled with the fluorescent dye Cy3 (Sigma-
Aldrich) at the 5´- position. All media and chemicals were purchased from Sigma-Aldrich, 
Oxoid and Fisher Scientific. Sterilization of media and instruments was done by autoclaving at 
121°C for 15 min. The commercial mixture Bimuno-GOS was supplied by Clasado Ltd., with 
52% GOS content. 
5.2.2. Purification of GOS 
The 4’-galactosyl-lactose was purified from the reaction mixture obtained with the β-
galactosidase from B. circulans as described by Rodriguez-Colinas et al. 2012. From the reaction 
of lactose with β-galactosidase from K. lactis, 6’-galactosyl-lactose and a mixture of allolactose 
[Gal-β(1→6)-Glc] and 6-galactobiose [Gal-β(1→6)-Gal] were obtained according to the protocol 
described by Rodriguez-Colinas et al. 2011. For the purification of these products, the reaction 
was stopped when yield reached the maximum value for each desired oligosaccharide. 
Products were isolated by semipreparative hydrophilic interaction chromatography (high-
performance liquid chromatography HPLC-HILIC). A quaternary pump (Delta 600, Waters) 
coupled to a LiChrospher-NH2 column (5 µm, 10 x 250 mm, Merck) was used. The column 
temperature was kept constant at 30°C. Acetonitrile/water 90:10 (v/v), degassed with helium, 
was used as mobile phase at 6.25 ml/min for 8 min. Then, a gradient to acetonitrile/water 80:20 
(v/v) was performed in 3 min, and this eluent was maintained during 6 min. Finally, a gradient 
to acetonitrile/water 75:25 (v/v) was performed in 3 min and maintained for 15 min. Peaks were 
detected using an evaporative light-scattering detector DDL-31 (Eurosep) equilibrated at 60°C. 
A three-way flow splitter (model Acurate, Dionex) and a fraction collector II (Waters) were 
employed. The fractions containing the main peaks were pooled, and the solvent was 
eliminated by rotary evaporation using an ACTEvap evaporation module.  Bimuno-GOS was 
treated with activated charcoal to reduce the content of monosaccharides following the method 
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of Morales et al. 2006 with some modifications (Hernandez et al. 2009). Briefly, 500 mg of 
Bimuno-GOS and 3 g of activated charcoal (Darco G60, 100 mesh, Sigma-Aldrich) were 
dissolved in 100 ml of ethanol (15% v/v) and stirred for 30 min. The mixture was filtered 
through Whatman no. 1 filters under vacuum and then the activated charcoal was washed with 
the ethanolic solution. Desorption of oligosaccharides from the activated charcoal was carried 
out with 100 ml of ethanol (50% v/v), stirred during 30 min and filtered as previously described. 
The filtrates were evaporated under vacuum at 40-45°C and filtered through 0.20 µm filters. 
Water was removed by freeze-drying.  
5.2.3. High-performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD)  
The analysis of the purity of the isolated GOS was performed by high-performance 
anion-exchange chromatography with pulses amperometric detection (HPAEC-PAD) on a 
ICS3000 Dionex system (Dionex Corp., Sunnyvale, CA) consisting of a SP gradient pump, an 
AS-HV autosampler and an electrochemical detector with a gold working electrode and 
Ag/AgCl as reference electrode. All eluents were degassed by flushing with helium. A pellicular 
anion-exchange 4 x 250 mm Carbo-Pack PA-1 column (Dionex) connected to a CarboPac PA-1 
guard column was used at 30°C. For eluent preparation, MilliQ water and 50% (w/v) NaOH 
(Sigma-Aldrich) were used. The initial mobile phase was 15 mM NaOH at 1.0 ml/min for 12 
min. A mobile phase gradient from 15 mM to 200 mM NaOH was established at 1.0 ml/min for 
15 min, and the latter mobile phase was maintained for 25 min. The peaks were analyzed using 
Chromeleon software version 6.80. Identification of the different carbohydrates was done based 
on standards and previously characterized GOS (Rodriguez-Colinas et al. 2011 and 2012; 
Urrutia et al. 2013).  
5.2.4. Faecal inocula 
Experiments were carried out using fresh faecal samples from four healthy human 
donors (30 to 36 years old) who were free of any metabolic and gastrointestinal diseases, were 
not taking probiotic or prebiotic supplements and had not taken antibiotics 6 months before 
faecal sample donation. Samples were diluted 1:10 (w/v) in sterile phosphate-buffered saline 
(pH 7.3) and homogenized in a stomacher (Stomacher 400, Seward) for 2 min at normal speed. 
5.2.5. Batch culture fermentations 
Sterile stirred batch culture fermentation vessels (5 ml working volume) were prepared 
and aseptically filled with 4.5 ml of sterile basal nutrient medium. This medium comprised of 
peptone water (2 g/l), yeast extract (2 g/l), NaCl (0.1 g/l), KH2PO4 (0.04 g/l), MgSO4 x 7 H2O (0.01 
g/l), CaCl2 x 6 H2O (0.01 g/l), NaHCO3 (2 g/l), Tween 80 (2 ml/l), haemin (0.05 g/l), vitamin K (10 
Capítulo 5 
91 
µl/l), L-cysteine hydrochloride (0.5 g/l) and bile salts (0.5 g/l). The basal medium was adjusted 
to pH 7.0 and then 4 ml of 0.025% (w/v) resazurin solution was added per liter before 
autoclaving. Once in the fermentation vessels, the sterile medium was sparged overnight with 
O2-free N2 (15 ml/min) to maintain anaerobic conditions. On the following day, each vessel was 
inoculated with 0.5 ml of fresh faecal slurry prepared as described before. The GOS assayed 
were added at a concentration of 1% (w/v) to each vessel just prior to the addition of the faecal 
slurry. The temperature of the fermentation vessels was held at 37°C using a circulating water 
bath. The pH was maintained in the range of 6.6-6.9 via pH controllers (Fermac 260, Electrolab) 
and adjusted by the addition of 0.5 mmol/l NaOH and HCl to the vessels when required. 
Anaerobic conditions were maintained throughout the fermentation by sparging the vessels 
with O2 -free N2 (15 ml/min). Batch culture fermentations were ran for 24 h and samples were 
taken at 0, 5, 10 and 24 h for analysis of bacterial populations by FISH and for analysis of SCFA 
by HPLC. Four fermentation experiments were performed, one per faecal donor. 
5.2.6. Bacterial populations by FISH 
Synthetic oligonucleotide probes targeting specific regions of the 16S rRNA molecule and 
labelled with a fluorescent dye (Bif164, Lab158, Bac303, Ato291, Chis150, Erec482, Fpra655, Eub 
338) were utilized for the enumeration of different bacterial groups (Table 5.1). FISH was 
performed as described by Martin-Pelaez et al. 2008.  
5.2.7. Short-chain fatty acid (SCFA) analysis 
Samples taken from the fermenters were centrifuged (13,000xg for 10 min) and 
supernatants were filtered through 0.22 µm syringe filters (Millex 13 mm filter units, Millipore). 
Samples (20 µl) were injected into an HPLC system equipped with refractive index and UV (210 
nm) detectors put in series. The ion-exclusion column (Rezex ROA-organic acid, 300 x 7.8 mm, 
Phenomenex) was maintained at 82°C at a flow rate 0.5 ml/min. The eluent used was 0.0025 mM 
sulphuric acid in HPLC-grade water. The sample run time was 40 min. SCFA quantification 
was carried out using calibration curve standards for lactate, formate, acetate, propionate, 
butyrate and valerate at concentrations of 12.5, 25, 50, 75 and 100 mM. 
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Table 5.1. Probes used for FISH analysis of bacterial populations in samples from batch cultures systems. 
Probe Specifity 
Temperature (°C) 
Sequence (5´ to 3´) Reference 
Hybridization Washing 
Bif164 
Bifidobacterium 
spp. 
50 50 CATCCGGCATTACCACCC 
Langendijk 
et al. 1995 
Lab158 
Lactobacillus-
Enterococcus 
50 50 GGTATTAGCAYCTGTTTCCA 
Harmsen et 
al. 1999 
Bac303 
Most 
Bacteroidaceae 
and 
Prevotellaceae, 
some 
Porphyromonadac
ea 
46 48 CCAATGTGGGGGACCTT 
Manz et al. 
1996 
Ato291 
Atopobium 
cluster 
50 50 GGTCGGTCTCTAACCC 
Harmsen et 
al. 2000 
Chis150 
Most of 
Clostridium 
histolyticum 
group 
(Clostridium 
cluster I and II) 
50 50 TTATGCGGTATTAATCTYCCTTT 
Franks et al. 
1998 
Erec482 
Most of 
Clostridium 
coccoides-
Eubacterium 
rectale group 
(Clostridium 
cluster XIVa and 
XIVb) 
50 50 GCTTCTTAGTCARGTACCG 
Franks et al. 
1998 
Fpra655 
Faecalibacterium 
prausnitzii and 
relatives 
58 58 CGCCTACCTCTGCACTAC 
Hold et al. 
2003 
Eub 338a 
Eubacterium spp. 46 48 
GCTGCCTCCCGTAGGAGT 
Daims et al. 
1999 
Eub 338II a GCAGCCACCCGTAGGTGT 
Eub 338III a GCTGCCACCCGTAGGTGT 
a These probes are used together in equimolar concentration (all at 50 ng/µl).  
 
5.2.8. Statistical analysis 
Differences between bacterial accounts and SCFA profiles at 0, 5, 10 and 24 h 
fermentation for each substrate were tested using SPSS programme. Univariate analysis of 
variance (ANOVA) and post-hoc Tukey and Duncan tests were used to determine the 
significant differences of substrates. Differences were deemed significant at P < 0.05. 
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5.3. RESULTS 
5.3.1. Production and purification of GOS  
 Several GOS were obtained by transgalactosylation of lactose using two β-
galactosidases (from B. circulans and K. lactis) with different specificity. In the case of K. lactis β-
galactosidase, the enzyme exhibits a clear tendency to synthesize β(1→6) bonds: the main 
products are the disaccharides 6-galactobiose [Gal-β(1→6)-Gal] and allolactose [Gal-β(1→6)-
Glc] and the trisaccharide 6’-galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-Glc] (Martinez-
Villaluenga et al. 2008; Rodriguez-Colinas et al. 2011). In contrast, the B. circulans counterpart 
displays specificity for the formation of β(1→4) bonds; the major product synthesized was the 
trisaccharide 4’-galactosyl-lactose [Gal-β(1→4)-Gal-β(1→4)-Glc] (Rodriguez-Colinas et al. 2012). 
Figure 5.1 shows the structures of the GOS assayed in this work. The products were purified in 
250 mg-scale by semipreparative HPLC. It is noteworthy that the two disaccharides (6-
galactobiose and allolactose) could not be separated by this technique and were tested as a 
̏disaccharide mixture with β(1→6) bonds ̋ in the fermentation assays. 
 
Fig. 5.1. Structures of the GOS assayed in this study: (A) 4´-Galactosyl-lactose; (B) 6´-Galactosyl-lactose; 
(C.1) Allolactose; (C.2) 6-Galactobiose. 
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The purity of the synthesized GOS was estimated by HPAEC-PAD (Fig. 5.2) and was in 
the range 65-75%. All the samples showed the presence of variable amounts of the 
monosaccharides galactose and glucose, and other minor oligosaccharides. 
Retention time (min)
10 20 30 40 50 60
B
1 2
6
3 4
Retention time (min)
10 20 30 40 50 60
A
1
2
5
7
8
9
Retention time (min)
10 20 30 40 50 60
C
1
2
3
4
Retention time (min)
10 20 30 40 50 60
D
1
2
3
5
4
6
7
 
Fig. 5.2.  HPAEC-PAD analysis of the GOS assayed: (A) 4’-Galactosyl-lactose; (B) 6’-Galactosyl-lactose; (C) 
Mixture of allolactose and 6-galactobiose; (D) Bimuno-GOS after treatment. Peaks: (1) Galactose; (2) 
Glucose; (3) 6-Galactobiose ; (4) Allolactose; (5) Lactose; (6) 6’-Galactosyl-lactose; (7) 4’-Galactosyl-lactose; 
(8) Gal-β(1→4)-Gal-β(1→3)-Glc; (9) Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc. 
Table 5.2 summarizes the different carbohydrates employed as substrates in the 
fermentation studies and their purity. Results were compared with a commercial prebiotic GOS 
(Bimuno-GOS) produced by Bifidobacterium bifidum, which was partially purified by activated 
charcoal to reduce the content of mono- and disaccharides. HPAEC-PAD analysis (Fig. 5.2) 
shows that Bimuno-GOS contains a complex mixture of oligosaccharides. 
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Table 5.2. Substrates employed in this study to investigate the fermentation selectivity. 
Degree of 
polymerization 
Substrate Structure 
Enzyme 
source 
HPAEC-PAD 
Purity (%) 
Trisaccharide 
4’-Galactosyl-
lactose 
Gal-β(1→4)-Gal-β(1→4)-Glc B. circulans 65 
Trisaccharide 
6’-Galactosyl-
lactose 
Gal-β(1→6)-Gal-β(1→4)-Glc K. lactis 71 
Disaccharides 
Allolactose 
6-Galactobiose 
Gal-β(1→6)-Glc 
Gal-β(1→6)-Gal 
K. lactis 76 
Mixture Bimuno-GOS 
Contains mainly β(1→3) 
linkages a 
B. bifidum - 
a Depeint et al. 2008 
5.3.2. Bacterial enumeration 
Batch pH-controlled fermentations were 
carried out under anaerobic conditions (Fig. 5.3) 
in the presence of the GOS synthesized to assess 
if the chemical structure of these products could 
influence bacterial selectivity. The results were 
compared with Bimuno-GOS used as a 
reference. 
Different hybridization probes (Table 5.1) 
were employed to count, by fluorescent 
microscopy, numerically dominant and 
physiologically relevant groups of bacteria. 
Bacterial counts (Table 5.3) were analyzed 
statistically for each substrate to determine 
which variations between different fermentation 
times (0, 5, 10 and 24 h) could be considered 
significant.  
 
Fig. 5.3.  Scheme of the fermentation vessels employed in the pH-controlled faecal batch cultures: (1) Gas 
outlet; (2) N2 inlet; (3) pH electrode; (4) Base feeder; (5) Acid feeder; (6) H2O inlet at 37°C; (7) H2O outlet. 
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Table 5.3.  Mean bacterial populations in pH-controlled batch cultures at 0, 5, 10 and 24 h. The starting 
concentration of the test substrates was 1% (w/v) of 5 ml batch culture fluid. Experiments were carried 
out using fresh faecal samples from four healthy human donors. 
Probe/stain 
Time 
point 
(h) 
Bacterial population (log10 cells/ml batch culture fluid) a 
Allolactose +  
6-galactobiose 
4´-Galactosyl-lactose 6´-Galactosyl-lactose Bimuno-GOS 
Bif164 0 8.97 (0.33) 8.97 (0.33) 8.97 (0.33) 8.97 (0.33) 
 
5 8.62 (0.14) 8.67 (0.45) 8.57 (0.16)  8.57 (0.17) 
10   9.24 (0.10)‡ 9.19 (0.32) 8.97 (0.46)    9.17 (0.21) ‡ 
24   9.22 (0.20)‡ 9.10 (0.17) 9.04 (0.27)    9.24 (0.11) ‡ 
Lab158 0 7.81 (0.01) 7.81 (0.01) 7.81 (0.01) 7.81 (0.01) 
 
5 8.26 (0.37) 8.10 (0.45) 8.00 (0.64) 8.06 (0.51) 
10 8.00 (0.66) 8.00 (0.45) 8.05 (0.59) 8.14 (0.39) 
24 7.88 (0.66) 8.04 (0.49) 8.10 (0.53) 7.99 (0.59) 
Bac303 0 9.09 (0.19) 9.09 (0.19) 9.08 (0.19) 9.09 (0.19) 
 
5   8.60 (0.25)†    8.73 (0.22) † 8.68 (0.19) 8.66 (0.27) 
10 8.88 (0.11) 8.97 (0.10) 9.06 (0.08) 9.00 (0.33) 
24    9.03 (0.08) ‡    9.25 (0.12) ‡    9.20 (0.31) ‡ 9.03 (0.25) 
Ato291 0 8.78 (0.12) 8.78 (0.12) 8.78 (0.12) 8.78 (0.12) 
 
5 8.42 (0.29)   8.39 (0.10) † 8.33 (0.60) 8.34 (0.30) 
10 8.53 (0.16)   8.76 (0.34) ‡ 8.46 (0.34) 8.62 (0.25) 
24 8.61 (0.19)   8.80 (0.27) ‡ 8.65 (0.27) 8.69 (0.21) 
Chis150 0 8.58 (0.15) 8.58 (0.15) 8.58 (0.15) 8.58 (0.15) 
 
5 8.79 (0.60) 8.91 (0.43) 8.92 (0.35) 8.80 (0.42) 
10 8.88 (0.38) 8.84 (0.47) 8.40 (0.51) 8.68 (0.61) 
24 9.14 (0.08) 8.79 (0.56) 8.97 (0.35) 8.66 (0.59) 
Erec482 0 9.39 (0.05) 9.39 (0.05) 9.39 (0.05) 9.39 (0.05) 
 
5    9.09 (0.08) † 9.04 (0.21) 8.67 (0.81) 9.08 (0.15) 
10 9.25 (0.13) 9.07 (0.27) 9.15 (0.21) 9.23 (0.12) 
24 9.22 (0.13) 9.08 (0.70) 9.05 (0.14) 9.09 (0.30) 
Fpra655 0 8.87 (0.20) 8.87 (0.20) 8.87 (0.20) 8.87 (0.20) 
 
5    7.84 (0.08) † 7.91 (0.12)    7.78 (0.22) †    7.90 (0.13) † 
10        7.17 (0.06) †, ‡    7.74 (0.56) †    7.31 (0.16) †    7.32 (0.50) † 
24        7.06 (0.40) †, ‡    7.28 (0.80) †   7.04 (0.62) †    7.30 (0.44) † 
Eub338 0 9.68 (0.17) 9.68 (0.17) 9.68 (0.17) 9.68 (0.17) 
 
5    9.34 (0.19) † 9.38 (0.13) 9.29 (0.32) 9.45 (0.06) 
10 9.49 (0.12) 9.40 (0.23) 9.44 (0.08) 9.46 (0.20) 
24 9.54 (0.13) 9.67 (0.12) 9.51 (0.21) 9.69 (0.25) 
  
†  Significant difference from the 0 h value for the same substrate with P < 0.05;  ‡  Significant difference from the 5 h 
value for the same substrate with P < 0.05 . In bold type: significant differences with P < 0.01. 
a Standard deviations are shown in parenthesis. 
 
As shown in Table 5.3, no substantial changes were observed in most bacterial 
populations during fermentation with the exception of Faecalibacterium prausnitzi (Fpra655) that 
decreased more than one log10 unit from the 0 h value with P < 0.035. Bifidobacterium (Bif164) 
increased significantly after 10 h fermentation for the mixture of disaccharides (6-galactobiose 
and allolactose) with P < 0.01 and for the control (Bimuno-GOS) with P < 0.05, whereas a 
statistically nonsignificant increment was observed for the trisaccharides 4´- and 6´-galactosyl-
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lactose. Interestingly, bifidobacterial counts at 24 h remained nearly constant with respect to the 
10 h fermentation. Therefore, all the GOS studied could be considered bifidogenic under the 
assayed conditions. In contrast, only a slight increase of Lactobacillus spp. population (P > 0.05) 
was observed after 10 h fermentation. Bacteroides, which comprises about 30% of the total 
colonic culturable microflora, maintained a stable population throughout the fermentation. In 
addition, purified GOS and Bimuno-GOS did not favour the growth of Atopobium spp. and 
Eubacterium spp. groups. 
5.3.3. SCFA analyses 
Table 5.4 summarizes the concentrations of formate, acetate, propionate and butyrate 
measured by HPLC in the faecal fermentation supernatants with the different substrates and 
Bimuno-GOS as reference. The chromatographic analyses of SCFA were performed at the same 
time points (0, 5, 10 and 24 h) than the bacterial counts.  
Table 5.4.  SCFA concentrations in pH-controlled batch cultures at 0, 5, 10 and 24 h. Mean values were 
calculated from experiments carried out using fresh faecal samples from four healthy human donors. 
SCFA 
(mM) 
Time 
point 
(h) 
Bacterial population (log10 cells/ml batch culture fluid) a 
Allolactose + 6-galactobiose 4´-Galactosyl-lactose 
6´-Galactosyl-
lactose 
Bimuno-GOS 
Formate 0  0.00 (0.00)    0.00 (0.00)   0.00 (0.00)   0.00 (0.00) 
 
5   9.41 (2.61)†      5.10 (1.07) †      8.74 (3.42)  †      6.87 (1.20) † 
10   10.17 (3.60) †         14.28 (0.70) †, ‡   11.42 (4.07) †       4.91 (1.49)  † 
24     9.31 (2.62) †           0.00 (0.00) ‡, §    1.43 (0.95) §          3.57 (0.04) †, ‡ 
Acetate 0  0.40 (0.11)    0.40 (0.11) 0.40 (0.11)   0.40 (0.11) 
 5                22.61 (3.42)    19.03(3.02) †   22.02 (4.21) † 21.86 (4.00) 
 10        49.81 (5.66)  †, ‡        45.20 (0.19) †, ‡      49.75 (6.90) †, ‡         49.61 (12.15) †, ‡ 
 24             78.74 (17.93) †, ‡, §          60.03 (6.20) †, ‡, §    18.21 (0.42) †,§           99.89 (4.80)  †, ‡, § 
Propionate 0                   0.18 (0.05)            0.18 (0.05) 0.18 (0.05)  0.18 (0.05) 
 5      3.13 (0.06) †   15.05 (1.59) †    5.06 (0.23) †     7.85 (1.33) † 
 10      3.08 (0.61) †     3.71 (0.82) ‡        3.03 (0.58) †, ‡     1.42 (0.19) ‡ 
 24      4.84 (1.33) †     5.89 (3.18) ‡    3.93 (0.76) †         9.52 (0.14) †, § 
Butyrate 0                   0.32 (0.02) 0.32 (0.02) 0.32 (0.02) 0.32 (0.02) 
 5      3.06 (0.15) †    2.76 (0.47) † 2.04 (0.92) 3.45 (0.66) 
 10      1.94 (0.47) † 2.05 (0.40) 1.68 (0.91) 2.75 (0.83) 
 24         3.78 (0.42) †,§       4.62 (1.13) †, § 3.34 (1.65)    8.51 (2.12) †  
†  Significant difference from the 0 h value for the same substrate with P < 0.05;  ‡  Significant difference from the 5 h 
value for the same substrate with P < 0.05 ;  §  Significant difference from the 10 h value for the same substrate with P 
< 0.05.  In bold type: significant differences with P < 0.01. 
a Standard deviations are shown in parenthesis. 
 
After 24 h of fermentation, acetate was clearly the most prevalent SCFA with all the 
substrates tested, in agreement with the FISH results of bifidobacteria growth. The acetate 
concentration at 10 h was very similar with all the substrates (approx. 45-50 mM). Significant 
changes in propionate concentration throughout fermentation were observed with all the 
carbohydrates. The highest level (15 mM) corresponded to 4´-galactosyl-lactose at 5 h. 
However, the propionate concentration generally decreased after 5 h fermentation. 
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Low levels of butyrate were produced upon the fermentation of all substrates. This can 
be related with the slight changes in the populations of Clostridium coccoides-Eubacterium rectale 
group, the major butyrate-producing bacterial group found in human faeces (Barcenilla et al. 
2000). The tested GOS increased formic acid concentration in the frist 5 or 10 h of fermentation 
with a further decrease until 24 h, except for the mixture of disaccharides in which the formate 
concentration was maintained. 
5.4. DISCUSSION 
 The present study was carried out to evaluate the in vitro fermentation properties of 
several purified GOS, namely the trisaccharides 4´-galactosyl-lactose and 6´-galactosyl-lactose 
and a mixture of the disaccharides 6-galactobiose and allolactose, which were selectively 
obtained by a proper selection of the β-galactosidase source. 
Methods for the in vitro assessment of prebiotic properties range from the static batch 
culture to the multiple-stage continuous cultures inoculated with either single/mixed bacterial 
strains or faecal homogenates (Tzortzis and Vulevic 2009). In our work, a batch culture 
fermentation system with a faecal homogenate was analyzed under anaerobic conditions and 
pH control. However, batch and continuous in vitro models do not provide a full picture of the 
complex ecosystem that exists within the large intestine. 
In our study, the GOS assayed gave rise to an increase in Bifidobacterium populations, 
exhibiting a certain degree of selectivity for this genus. Rycroft et al. 2001 reported that 
commercial GOS increased the level of bifidobacteria and lactic acid bacteria in human faecal 
batch culture fermentation, in some cases causing Clostridium and Bacteroides to decline. Sanz et 
al. 2005b showed that bifidobacterial populations increased with several galactose-containing 
disaccharides (e.g. galactobioses, melibiose), whereas a slight increase without statistical 
significance was reported for Lactobacillus. In a recent study, Cardelle-Cobas et al. 2012 showed 
that several oligosaccharides derived from lactulose were selectively fermented both by 
Bifidobacterium and lactic acid bacterial populations. The significant decrease of F. prausnitzii 
(Fpra655) that we observed with all substrates in the present work was also reported by Sarbini 
et al. 2012 when studying the fermentation properties of a series of linear and α(1→2)-branched 
dextrans. To determine the global effect of the different GOS on the bacterial populations, the 
selectivity index (SI) was calculated at 10 h fermentation following the formula described by 
Ruiz-Matute et al. 2011: 
(Bif10/ Bif0) + (Lab10/ Lab0) + (Erec10/ Erec0) - (Bac10/ Bac0) - (Chis10/ Chis0) 
SI =  
(Total count10/ Total count0) 
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in which Bif10 and Bif0 are the bifidobacterial counts at 10 and 0 h, respectively, etc. SI values 
give an idea of the growth of beneficial faecal bacteria (Bifidobacterium, Lactobacillus/Enterococcus 
group and E.rectale group) with respect to the less desirable ones (Clostridium histolyticum group 
and Bacteroides). SI values are normalized by the total number of bacteria (determined with the 
Eub probes). 
Figure 5.4 shows that the SI values of the substrates assayed varied in the range 2.1-3.9. 
The highest value was obtained with Bimuno-GOS, which contains a mixture of GOS, thus 
suggesting the possibility of a synergistic effect between the different oligosaccharides or a 
strong effect of β(1→3) linkages present in this sample (Depeint et al. 2008). SI values were 
lower than those reported by Cardelle-Cobas et al. 2012 for lactulose-derived oligosaccharides 
or by Sanz et al. 2005b for a series of galactobioses. However, comparison of SI values must be 
performed with caution because significant differences can be encountered between the human 
donors. 
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Fig. 5.4.  Selectivity index scores of the different GOS determined from pH-controlled batch culture 
fermentations (10 h). 
SCFAs are produced as the end of oligosaccharide fermentation (Wang and Gibson 
1993) and present positive implications in the prevention of colon cancer (Cummings 1981). The 
fermentation of all GOS substrates induced the production of acetate, which correlated with the 
increase of Bifidobacterium populations, as acetate formation is consistent with Bifidobacterium 
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and Lactobacillus metabolism (Macfarlane et al. 2008). The propionate production in all 
fermentations studied could be related with the slight −although statistically nonsignificant− 
increase of Chys150 group because several species within the C. hystolycitum group are able to 
produce propionate (Sarbini et al. 2011). The low concentration of butyrate could be related with 
the decrease of F. prausnitzii (Fpra655) populations determined by FISH. 
In conclusion, the above results indicate that the GOS tested, which present different 
polymerization degree, composition and/or glycosidic linkages, display a similar in vitro 
fermentation selectivity towards the Bifidobacterium genus, which does not substantially differ 
from that observed with the GOS mixture Bimuno-GOS. The GOS assayed also promoted the 
decrease of F. prausnitzii group. The SCFA production correlated well with the changes in 
bacterial populations; acetate was the most prevalent fatty acid formed. Interestingly, 
disaccharides containg β(1→6) linkages presented similar bifidogenic properties than the 
trisaccharides containing β(1→4) and β(1→6) bonds. 
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SUMMARY 
The formation of galacto-oligosaccharides (GOS) in skim milk during the treatment with 
several commercial β-galactosidases (Bacillus circulans, Kluyveromyces lactis and Aspergillus 
oryzae) was analyzed in detail, at 4°C and 40°C. The maximum GOS concentration was obtained 
at a lactose conversion of approximately 40-50% when using B. circulans and A. oryzae β-
galactosidases, and at 95% conversion for K. lactis β-galactosidase. Using an enzyme dosage of 
0.1% (v/v), the maximum GOS concentration with Lactozym pure was achieved in 1 h and 5 h at 
40°C and 4°C, respectively. With this enzyme, it was possible to obtain a treated milk with 7.0 
g/l GOS −the human milk oligosaccharides (HMOs) concentration is between 5 and 15 g/l−, and 
with a low content of residual lactose (2.1 g/l, compared with 44-46 g/l in the initial milk 
sample). The major GOS synthesized by this enzyme were 6-galactobiose [Gal-β(1→6)-Gal], 
allolactose [Gal-β(1→6)-Glc] and 6´-O-β-galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-Glc]. 
6.1. INTRODUCTION 
Prebiotics are non-digestible food ingredients that are selectively fermented by the 
human gastrointestinal microbiota allowing specific changes, both in its composition and/or 
activity, conferring benefits upon host well-being and health (Roberfroid 2007). In particular, 
galacto-oligosaccharides (GOS) promote the Bifidobacterium and Lactobacillus growth 
(Rodriguez-Colinas et al. 2013) resulting in health benefits such as improvement of mineral 
absorption, inhibition of pathogens, modulation of immune system and prevention of colon 
cancer development (Gosling et al. 2010; Rastall et al. 2005). Commercial GOS contain a mixture 
of oligosaccharides formed by one or various galactosyl moieties linked to a terminal glucose, 
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or by exclusively galactose units (galactobioses, galactotrioses, etc.) (Park & Oh, 2010; Torres et 
al. 2010).  
Human milk oligosaccharides (HMOs) constitute a family of more than a hundred 
structurally diverse carbohydrates that exert numerous benefits to breast-fed infants (Bode 
2012). The concentration of HMOs in human milk varies between 5-15 g/l. All HMOs contain 
lactose at their reducing end, which is normally elongated with N-acetyl-lactosamine or lacto-
N-biose and further fucosylated or sialylated (Bode 2012). To mimic the multiple benefits of 
HMOs, other related carbohydrates, in particular GOS and fructo-oligosaccharides (FOS), are 
currently added to infant formulas (Shadid et al. 2007; Angus et al. 2007). Despite their structural 
differences compared to HMOs, the incorporation of GOS and FOS into baby foods favours the 
microbiota composition in the infant’s feces and reduce allergenic manifestations (e.g. atopic 
dermatitis) and infections during the first years of life (Boehm et al. 2005). 
Apart from lactose hydrolysis, β-galactosidases (EC 3.2.1.23) are able to catalyze a 
transgalactosylation reaction in which lactose or other carbohydrates in the mixture serve as 
galactosyl acceptors, yielding GOS with different polymerization degree and type of glycosidic 
bonds (Hsu et al. 2007; Park et al. 2010; Torres et al. 2010). The enzyme source and the reaction 
operating conditions (lactose concentration, water activity, temperature, pH, etc.) notably 
influence the yield and composition of the synthesized GOS (Iqbal et al. 2010; Maischberger et al. 
2010; Splechtna et al. 2006; Urrutia et al. 2013). In general, the GOS yield increases with 
increasing lactose concentration (Vera et al. 2012). Under the optimal conditions, GOS yields are 
between 30-40% (w/w) (Gosling et al. 2010). 
The use of generally recognized as safe (GRAS) β-galactosidases to deplete lactose from 
milk is very extended in the dairy industry as a response to the commonly occurring lactose 
intolerance (Adam et al. 2012). Indeed the pH of milk (approx. 6.7) is appropiate for the activity 
of many β-galactosidases. Nonetheless the formation of GOS during the treatment of milk with 
β-galactosidases has been scarcely reported (Kim et al. 1997; Mlichova & Rosenberg 2006; Puri et 
al. 2010; Ruiz-Matute et al. 2012), probably due to the fact that the lactose content in bovine milk 
is around 5% (w/v), a value significantly lower compared with typical reported lactose buffered 
solutions [15-50% (w/v) lactose] employed to promote the transglycosylation reaction [15-50% 
(w/v)] (Ganzle et al. 2008; Prenosil et al. 1987). The use of milk whey permeates to synthesize 
GOS is more extended (Lopez-Leiva & Guzman 1993; Lorenzen et al. 2013). In this context, Chen 
et al. 2002 developed a multi-step process to increase GOS production by first ultrafiltrating the 
milk to separate lactose from proteins, followed by a concentration of the permeate and a 
further transgalactosylation reaction with β-galactosidases.  
In this work, we performed a detailed kinetic study of the GOS formation during lactose 
hydrolysis in milk catalyzed by several β-galactosidases with different specificity (Bacillus 
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circulans, Kluyveromyces lactis and Aspergillus oryzae).  Previous studies on this subject have not 
performed a comparative kinetic analysis between different β-galactosidases or have not 
employed the required chromatographic methodology (e.g. separation of lactose and 
allolactose) to determine the complete profile of the GOS synthesized. Such products with 
double functionality could be of interest in the dairy market. 
6.2. MATERIALS AND METHODS 
6.2.1. Materials 
Biolactase NTL-CONC is a β-galactosidase preparation from Bacillus circulans supplied 
by Biocon (Les Franqueses del Vallès, Spain). The β-galactosidase from Kluyveromyces lactis 
Lactozym pure 6500L was kindly supplied by Novozymes A/S (Bagsvarerd, Denmark). Lactase 
F, a solid β-galactosidase preparation from Aspergillus oryzae, was obtained from Amano 
(Nagoya, Japan). Glucose, galactose and bovine serum albumin were from Sigma-Aldrich (St. 
Louis, MO). The standards 6-galactobiose, 4-galactobiose, 6-O-β-galactosyl-glucose (allolactose) 
and 4’-O-β-galactosyl-lactose were from Carbosynth (Newbury, UK). Skim milk “Hacendado” 
was purchased from a local Mercadona supermarket (Spain). All other reagents and solvents 
were of the highest available purity and used as purchased. 
6.2.2. Determination of enzyme activity 
The activity of the three enzyme preparations was measured at 25°C with lactose as 
substrate at the pH of milk (6.7). Lactose (0.1 % w/v, 1 g/l) was dissolved in 1 ml of 10 mM 
potassium phosphate buffer (pH 6.7). Then, 10 ml of the enzyme (conveniently diluted) was 
added and the mixture was incubated at 25°C. At different times (5, 20, 35 and 50 min), aliquots 
were taken and analyzed by HPLC to determine residual lactose concentration using a ternary 
pump (Varian) coupled to a 4.6 x 250 mm Luna-NH2 column (5 µm, 100 Å) from Phenomenex 
(Torrance, CA). Detection was performed using an evaporative light scattering detector ELSD 
2000ES (Alltech) equilibrated at 82°C with a nitrogen flow of 2.1 l  /min. Acetonitrile/water 75:25 
(v/v) was used as mobile phase at 1 ml/min. The column temperature was kept constant at 30°C. 
A calibration curve of lactose (0-1 g/l) was carried out under the above conditions. Accordingly, 
one unit of activity was defined as that catalyzing the hydrolysis of 1 mmol lactose per minute. 
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6.2.3. Formation of galacto-oligosaccharides from skim milk 
Biolactase (20 µl), Lactozym pure (20 µl) and Lactase F (20 mg) were added, 
independently to 20 ml of skim milk. The lactose concentration in skim milk was 44-46 g/l as 
measured by high-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD). The mixture was incubated at 4°C or 40°C in an orbital shaker 
(Vortemp 1550) at 200 rpm. At different reaction times − selected to obtain the complete reaction 
profile− 200 µl aliquots were sampled from the reaction vessel. The enzyme present in the 
aliquots was inactivated by incubating 5 min in a Thermomixer (Eppendorf) at 95°C and 350 
rpm. In the case of Biolactase, the reaction was stopped by adding 800 µl of 0.4 M Na2CO3 
because some residual activity after heating process was observed, probably due to the presence 
of a thermostable β-galactosidase isoform in B. circulans preparation. Samples were filtered 
using 0.45 µm cellulose filters coupled to eppendorf tubes (National Scientific) during 5 min at 
6000 rpm and then diluted 1:400 with water before HPAEC-PAD analysis.  
6.2.4. High-performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) 
Product analysis was performed by HPAEC-PAD on a ICS3000 Dionex system (Dionex 
Corp., Sunnyvale, CA) consisting of a SP gradient pump, an AS-HV autosampler and an 
electrochemical detector with a gold working electrode and Ag/AgCl as reference electrode. All 
eluents were degassed by flushing with helium. A pellicular anion-exchange 4 x 250 mm Carbo-
Pack PA-1 column (Dionex) connected to a CarboPac PA-1 guard column was used at 30°C. For 
eluent preparation, MilliQ water and 50% (w/v) NaOH (Sigma-Aldrich) were used. The flow 
rate was 1.0 ml/min during the analysis. The initial mobile phase was 15 mM NaOH for 12 min. 
A mobile phase linear gradient from 15 mM to 200 mM NaOH was performed at 1.0 ml/min in 
15 min, and the latter eluent was kept constant for 25 min. Analyisis were performed in 
duplicated, and the peaks were analyzed using Chromeleon software. Standard deviations were 
lower than 3% in all the cases. Identification of the different carbohydrates was done based on 
commercial standards and purified GOS as described elsewhere (Rodriguez-Colinas et al. 2011; 
Rodriguez-Colinas et al.  2012; Urrutia et al. 2013). 
6.2.5. Determination of protein 
The protein concentration in the enzyme preparations was estimated following the 
Bradford method (Bradford, 1976) adapted to 96-well plates. Bovine serum albumin (BSA) was 
used as standard. All samples were prepared in triplicate. 
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6.3. RESULTS AND DISCUSSION 
6.3.1. Kinetics of GOS formation in skim milk with β-galactosidases 
from different sources 
Table 6.1 summarizes the main properties of the β-galactosidases employed in this study: 
Biolactase (B. circulans), Lactozym pure (K. lactis) and Lactase F (A. oryzae). We measured the 
enzymatic activity of the three preparations by an HPLC assay using lactose as substrate. 
Although the optimum pH for the three β-galactosidases is different (5.5 for B. circulans, 6.8 for 
K. lactis and 4.5 for A. oryzae), the activity assay was carried out at the pH of our milk sample 
(6.7). These activity values were more representative for the present work than those typically 
measured with o-nitrophenyl-β-D-galactopyranoside (ONPG). As shown in Table 6.1, the 
volumetric activity was 2.5-fold higher for Lactozym compared with Biolactase, probably due to 
the proximity of the optimum pH of K. lactis β-galactosidase to the pH of milk. Lactase F is a 
solid preparation, and its activity towards milk could be considered low as its optimum pH is 
almost two units below the pH of milk. 
Table 6.1. Commercial β-galactosidases employed in this work. 
Name Manufacturer Microorganism 
Physical 
form 
Activity a 
Total 
proteinsb 
Specific 
activity 
(U/mgprot.) 
Biolactase 
NTL-CONC 
Biocon 
Bacillus 
circulans 
Liquid 553 U/ml 17.8 mg/mL 31.0 
Lactozym 
pure 6500L 
Novozymes 
Kluyveromyces 
lactis 
Liquid 1320 U/ml 17.2 mg/mL 76.8 
Lactase F Amano 
Aspergillus 
oryzae 
Solid 92.9 U/g 5.1% c 1.82 
a Determined with 0.1% lactose (w/w) as described in the Experimental Section. 
b Measured by the Bradford assay. 
c Percentage of proteins (w/w) referred to the total amount of solid. 
 
We incubated skim milk with each of the three β-galactosidases at 40°C using an enzyme 
dosage of 0.1% v/v for the liquid preparations (Biolactase and Lactozym pure) and 0.1% w/v for 
Lactase F. Considering that the lactose concentration in milk was between 44 and 46 g/l as 
measured by HPAEC-PAD, the experiments were carried out with 12.3, 29.3 and 2.0 enzyme 
units (U) per g lactose for Biolactase, Lactozym pure and Lactase F, respectively. 
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We analyzed the formation of galacto-
oligosaccharides (GOS) in skim milk during 
lactose hydrolysis catalyzed by the different β-
galactosidases. Fig. 6.1 illustrates the kinetics 
of lactose removal and total GOS synthesis at 
40°C. The three enzymes showed the typical 
pattern with a point of maximum GOS 
concentration followed by a progressive 
decrease in the amount of GOS due to the 
competition between hydrolysis and 
transglycosylation reactions (Mozaffar et al. 
1985). The maximum yield of GOS depends 
basically on the concentration of lactose and 
the intrinsic enzyme properties, that is, its 
ability to bind the sugar acceptor (to which a 
galactosyl moiety is transferred) and to 
exclude H2O. The time required to get the 
maximum GOS yield depends inversely on the 
amount of enzyme; however, the GOS 
concentration at this maximum is not affected 
by the dosage of biocatalyst (Ballesteros et al. 
2006). 
 For a fixed enzyme dosage, Lactozym 
pure was the most active preparation, as 
lactose was almost completely depleted in 1.5 
h, whereas Biolactase and Lactase F required 
4.5 and 24 h respectively. These results were in 
accordance with the activity values shown in 
Table 6.1. Fig. 6.1A shows that with B. circulans 
preparation, the maximum GOS concentration 
was approx. 7.6 g/l − which represents 16% of 
total carbohydrates in the sample − and this 
maximum was achieved when around 50% of 
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Fig. 6.1. Kinetics of GOS formation in skim milk at 40°C and 0.1% enzyme dosage catalyzed by several 
β-galactosidases: (A) Biolactase from B. circulans; (B) Lactozym pure from K. lactis; (C)  Lactase F from 
A. oryzae. The symbols indicate: (•) Lactose; (•) Total GOS. The pH of milk was 6.7 and intial lactose 
concentration was 46 g/l. 
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the initial lactose had disappeared. Mozaffar et al. 1985, using a purified β-galactosidase from B. 
circulans, reported a maximum amount of GOS close to 5.5% of total sugars, which was 
obtained at 39% conversion of lactose. 
In contrast, maximum GOS concentration with K. lactis β-galactosidase (7.0 g/l; 15% of 
total sugars, Fig. 6.1B) was obtained at a significantly higher lactose conversion (95%). The 
lowest yield of GOS (4.5 g/l) was obtained with the enzyme from A. oryzae, and it was achieved 
at 43% of lactose conversion (Fig. 6.1C). 
6.3.2. GOS specifity of β-galactosidases 
Fig. 6.2 shows the HPAEC-PAD chromatograms of the reaction mixtures with skim milk 
at the point of maximum GOS concentration for each of the enzymes. Peaks 1, 2 and 5 
correspond to galactose, glucose and lactose, respectively. As illustrated in the chromatogram 
of Fig. 6.2A, the three main GOS present in the Biolactase reaction mixture were identified as 
the disaccharide 4-galactobiose [Gal-β(1→4)-Gal], the trisaccharide 4’-O-β-galactosyl-lactose 
[Gal-β(1→4)-Gal-β(1→4)-Glc] and the tetrasaccharide Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc, 
confirming the specificity of this enzyme for the formation of β(1→4) linkages (Rodriguez-
Colinas et al. 2012; Yanahira et al. 1995). Using a buffered 400 g/l lactose solution, other minor 
GOS containing β(1→3) bonds were detected with this enzyme (Rodriguez-Colinas et al. 2012). 
An advantage of the B. circulans enzyme in the dairy industries is that it is not inhibited by 
calcium ions present in milk (Mozaffar et al. 1985) compared with other β-galactosidases. 
Fig. 6.2B illustrates that the major GOS synthesized by β-galactosidase from K. lactis were 
the disaccharides 6-galactobiose [Gal-β(1→6)-Gal] and allolactose [Gal-β(1→6)-Glc] and the 
trisaccharide 6´-O-β-galactosyl-lactose [Gal-β(1→6)-Gal-β(1→4)-Glc]. These data confirm that 
this enzyme exhibits a tendency to form β(1→6) linkages (Martinez-Villaluenga et al. 2008; 
Rodriguez-Colinas et al. 2011). 
Regarding the β-galactosidase from A. oryzae (Fig. 6.2C), a notable specificity towards the 
formation of β(1→6) bonds was also observed. In a recent paper, using a concentrated lactose 
solution (400 g/l), we observed that A. oryzae β-galactosidase showed a preference to form 
glycosidic linkages in the order β(1→6) > β(1→3) > β(1→4) (Urrutia et al. 2013). 
Table 6.2 summarizes the carbohydrate composition of the β-galactosidase-treated milks 
at their respective points of maximum GOS concentration. As stated before, one of the main 
differences between Lactozym pure (K. lactis) and Biolactase (B. circulans) refers to the 
concentration of residual lactose at the point of maximum GOS yield: 2.1 g/l and 28.1 g/l, 
respectively. This could be related with the fact that the β(1→6) bonds are more resistant to 
enzymatic hydrolysis than β(1→4) linkages, and is in agreement with the fact that GOS with 
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β(1→6) bonds were found as residual components in several lactose-free UHT (Ultra-Heat 
Treatment) milks and dairy drinks (Ruiz-Matute et al. 2012). In the case of Lactase F, although 
β(1→6) bonds are preferably formed, the enzyme displays a less favourable transglycosylation 
to hydrolysis ratio. 
 
Fig. 6.2. HPAEC-PAD analysis of the reactions of skim milk with different β-galactosidases at 40°C, at the 
point of maximum GOS concentration: (A) Biolactase from B. circulans; (B) Lactozym pure from K. lactis; 
(C) Lactase F from A. oryzae. The chromatograms correspond to the reaction mixtures (diluted 1:400) after 
0.75 h, 1 h and 1.5 h respectively. The peaks correspond to: (1) Galactose; (2) Glucose; (3) 6-Galactobiose; 
(4) Allolactose; (5) Lactose; (6) 4-Galactobiose; (7) 6'-O-β-Galactosyl-lactose; (8) 4'-O-β-Galactosyl-lactose; 
(9) Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc.  
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In this context, Ruiz-Matute et al. 2012 analyzed the formation of GOS in milk at 30°C 
with Lactozym pure. They reported that a residual lactose content lower than 1000 ppm (1 g/l) 
can be achieved with a GOS content of nearly 7.8 g/l. In our study, a similar GOS concentration 
(7.0 g/l) was obtained at 40°C with K. lactis β-galactosidase, but the remaining lactose we 
determined was 2100 ppm. Further reduction of the lactose content to 360 ppm lowered the 
GOS concentration to 4.9 g/l (Fig. 6.1B).  
Table 6.2. Carbohydrate composition (g/l) of UHT skim milk treated with 0.1% of several β-
galactosidases at different temperatures, at the point of maximum GOS concentration. 
Enzyme Biolactase Lactozym Lactase F 
T (°C) 40 4 40 4 40 4 
Reaction time (h)a 0.75 2.5 1.0 5.0 1.5 >78 
Lactose (g/l) 28.1 25.1 2.1 2.7 25.7 26.7 
Gal (g/l) 3.4 4.5 16.7 18.3 5.6 5.1 
Glc (g/l) 6.9 8.1 20.2 20.1 10.2 9.9 
6-Galactobiose (g/l) - - 2.2 1.8 - - 
Allolactose (g/l) - - 2.8 2.1 0.4 - 
4-Galactobiose (g/l) 0.3 0.4 - - - - 
6´-Galactosyl-lactose (g/l) - - 1.7 0.9 2.9 4.2 
4´-Galactosyl-lactose (g/l) 6.7 6.9 - - - - 
Tetrasaccharide (g/l)b 0.6 0.8 - - - - 
Other GOS (g/l) - - 0.3 - 1.2 - 
Total GOS (g/l)c 7.6 8.1 7.0 4.8 4.5 4.2 
Total GOS (%)d 16.5 17.6 15.2 10.4 9.8 9.1 
a Reaction time at which maximum GOS concentration is obtained. 
b Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc. 
c Total GOS refers to the di-, tri- and tetrasaccharides formed during the process. 
d Percentage (w/w) of GOS referred to the total amount of carbohydrates in the mixture. 
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6.3.3. Effect of temperature on GOS formation 
From the industrial point of view, some 
dairy processes are preferably performed at 4°C, 
e.g. ice creams processing, in which β-
galactosidase treatment gives a sweeter product 
that does not crystallize when condensed or frozen 
and also improves the creaminess of the product. 
We analyzed the GOS formation at this 
temperature (Fig. 6.3), and data was compared 
with that obtained at 40°C. Fig. 6.3 illustrates that 
as reaction temperature decreased, the time 
required to reach the maximum production of 
GOS increased. 
The maximum GOS yield at 4°C was 
obtained with B. circulans β-galactosidase (8.1 g/l, 
18% of total carbohydrates) and it was reached 
again at 50% of lactose conversion. Gosling et al.  
2009 assayed the B. circulans β-galactosidase 
preparation Biolacta in milk in the temperature 
range 4-60°C. They observed that GOS yield 
increased with temperature, as described in other 
transglycosylation studies (Linde et al. 2012; Ning 
et al. 2010). However, in our study the maximum 
GOS yield was similar at both temperatures. 
In the case of K. lactis, the maximum GOS 
yield is lower at 4°C compared to that obtained at 
40°C (4.8 and 7.0 g/l, respectively). In addition, the 
reaction time required to reach the maximum GOS 
yield was five-fold higher (5 h at 4°C vs. 1 h at 
40°C). The kinetics of GOS production by A. oryzae 
β-galactosidase (Fig. 6.3C) varied significantly 
between both temperatures. GOS formation at 
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Fig. 6.3. Kinetics of GOS formation in skim milk at 4°C and 0.1 % enzyme dosage catalyzed by 
several β-galactosidases: (A) Biolactase from B. circulans; (B) Lactozym pure from K. lactis; (C)  
Lactase F from A. oryzae. The symbols indicate: (•) Lactose; (•) Total GOS. The pH of milk was 6.7 
and intial lactose concentration was 46 g/l. 
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40°C followed the common pattern with a maximum concentration at 1.5 h and total depletion 
of lactose after 24 h. However, the reaction was much slower at 4°C; after 80 h, the residual 
lactose was still 25 g/l. The GOS yield was quite similar at both temperatures (4.2 and 4.5 g/l, 
respectively). 
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Fig. 6.4. GOS formation vs. lactose conversion using skim milk catalyzed by several β-galactosidases from 
different sources at 40°C (left) and  4°C (right) : (A) Biolactase from B. circulans; (B) Lactozym pure from K. 
lactis; (C)  Lactase F from A. oryzae. The pH of milk was 6.7 and intial lactose concentration was 46 g/l. 
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6.3.4. Effect of lactose conversion on GOS synthesis 
Figure 6.4 represents the profile of GOS concentration vs. lactose conversion determined 
for each enzyme at 4°C and 40°C. These profiles correlate well with those already published 
with buffered lactose solutions (Rodriguez-Colinas et al. 2011, 2012). With B. circulans and A. 
oryzae β-galactosidases, the maximum amount of GOS was produced at approx. 40-50% of 
lactose conversion. In contrast, when K. lactis β-galactosidase was used, the maximum GOS 
yield was achieved at approximately 95% of lactose conversion. The behaviour was similar at 
4°C and 40°C, except for A. oryzae enzyme whose activity at 4°C was extremely low. 
These results indicate that with Lactozym pure it is possible to obtain a treated milk with 
a GOS concentration in the range of 4.8-7.0 g/l (the concentration of HMO in human milk is 
between 5-15 g/l) and at the same time with a low content of lactose (2.1-2.7 g/l). In addition, the 
maximum GOS yield can be obtained at 4°C in 5 h using an enzyme dosage of only 0.1% (v/v). 
Lactose hydrolysis can be performed before or after UHT treatment. Heating prior to 
enzymatic treatment is usually preferred because the monosaccharides formed in the hydrolysis 
are more prone to suffer Maillard reactions during UHT, contributing to the loss of essential 
amino acids such as lysine. However, Ruiz-Matute et al. 2012, analyzing the presence of several 
markers (furosine, tagatose, etc.) in lactose-free UHT milks, concluded that UHT treatment is 
normally carried out after the enzymatic treatment with β-galactosidases. From the data 
obtained in our work, we suggest to carry out enzymatic treatment before pasteurization, 
because the β-galactosidase can be inactivated and the reaction stopped by the UHT process 
when a maximum GOS concentration is reached. When the enzymatic elimination of lactose is 
performed under aseptic conditions after thermal treatment of milk, it is not possible to stop the 
reaction at will, which causes hydrolysis of most of the GOS synthesized. 
6.4. CONCLUSIONS 
A commercial preparation of K. lactis β-galactosidase (Lactozym pure) at a low dosage 
(0.1% v/v) is able to give GOS-enriched milk in which approximately 95% of the initial lactose 
has been eliminated. The GOS concentration (formed basically by 6-galactobiose, allolactose 
and 6´-O-β-galactosyl-lactose) is close to the HMOs content of human milk. Pasteurization after 
controlled enzymatic treatment could result in a product with a low lactose content and with 
the extra benefit of a significant presence of prebiotic GOS. 
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SUMMARY 
A modification of the classical calcium alginate enzyme entrapment technique is 
described aiming to overcome some of the limitations of the former gel-based biocatalysts. 
Dried alginate entrapped enzymes (DALGEEs) were obtained dehydrating calcium alginate gel 
beads containing entrapped enzymes. A fructosyltransferase from Aspergillus aculeatus, present 
in Pectinex Ultra SP-L, was entrapped using this technique. The resulting DALGEEs were 
successfully tested both operating batchwise and in a continuous fixed-bed reactor for fructo-
oligosaccharides (FOS) synthesis from sucrose. Interestingly, DALGEEs did not re-swell upon 
incubation in concentrated (600 g/l) sucrose solutions, probably due to the lowered water 
activity (aw) of such media. Confocal laser scanning microscopy of DALGEEs revealed that the 
enzyme molecules accumulated preferably in the shell of the particles. DALGEEs showed an 
approximately 30-fold higher volumetric activity (300 U/ml) compared with the calcium 
alginate gel beads. Moreover, a significant enhancement (40-fold) of the space-time-yield of 
fixed-bed bioreactors was observed when using DALGEEs as biocatalyst compared with gel 
beads (4030 g/day·l of FOS vs. 103 g/day·l). The operational stability of fixed-bed reactors 
packed with DALGEEs was extraordinary, providing a nearly constant FOS composition of the 
outlet during at least 700 h. It was also noticeable their resistance against microbial attack, even 
after long periods of storage at room temperature. The DALGEEs immobilisation strategy may 
also be useful for other biotransformations, in particular when they take place in low aw media. 
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7.1. INTRODUCTION 
Compared with covalent immobilisation methods, enzyme entrapment in alginate beads 
is a low-cost approach that does not exert any chemical modification to the protein structure. 
Alginate is a highly negatively charged polysaccharide extracted from brown algae that forms 
rigid gel-like structures in presence of divalent cations. Enzyme entrapment in alginate is 
straightforwardly accomplished under mild conditions, providing outstanding activity 
recoveries and easy diffusion of substrates and products through the matrix pores (Gomez de 
Segura et al. 2006; Busto et al. 1998; Lu et al. 2010). Typically, alginate entrapment is widely 
applied to the immobilisation of living cells (Panesar et al. 2011; Chien et al. 2001).  
Alginate gel-based biocatalysts present several practical limitations such as a low 
volumetric activity and microbial contamination of the beads, even in the refrigerator, due to 
their high content of water and carbon (Gomez de Segura et al. 2003; Smidsord and Skjak-Braek 
1990). Undesired enzyme leakage from the gel beads due to the size of the pores (Smidsord and 
Skjak-Braek 1990) is another typical disadvantage of alginate entrapment method. The diffusion 
out of the beads can be minimised by increasing alginate concentration and/or mannuronic 
(M)/guluronic (G) acid ratio, as well as decreasing the pH (Martinsen et al. 1992). Among other 
strategies to avoid protein leakage, enzymes can be cross-linked with glutaraldehyde (Shankar 
et al. 2011) or bound to a carrier such as activated coal (Richetti et al. 2012) prior to the 
entrapment process. In another recent twist, the crosslinking of alginate with glutaraldehyde 
has been also explored (Ortega et al. 2009; Naganagouda and Mulimani 2006). Nevertheless, the 
complete removal of toxic crosslinking chemicals is difficult and thus may be inappropiate for 
its application in food processing industries (Rajan and Nair 2010).  
In this work, we have tackled some of the hurdles of calcium alginate immobilisation 
method by applying a drying process to the gel beads. It is well reported that drying of alginate 
beads is widely applied in the delivery of drugs and enzymes (esp. in the detergents industry), 
since the beads, in contact with water, swell to their original size releasing the bioactive 
molecules (Santagapita et al. 2011; Elnashar et al. 2010). Our hypothesis was that dried-alginate 
beads should not re-swell in a medium with low water activity (aw) such as highly concentrated 
sugar solutions. 
In addition, the strategy of drying the calcium alginate gel-based biocatalyst could lead 
to an increased volumetric activity and thus a lower reactor volume to obtain a given 
productivity. For this purpose, we selected the fructosyltransferase from Aspergillus aculeatus 
(Ghazi et al. 2007) and the resulting immobilised biocatalyst was characterised and tested in 
batch and continuous reactors for the production of fructo-oligosaccharides (FOS). FOS are 
fructose oligomers with a terminal glucose group in which 2–4 fructofuranosyl moieties are 
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linked by different bonds (Fig. 7.1) (Alvaro-Benito et al. 2007; Kelly 2008; Rodriguez-Alegria et 
al. 2010).  
 
Fig. 7.1. Molecular structure of fructo-oligosaccharides (FOS) synthesized in this work.  
Commercial FOS are mainly composed of 1-kestose, nystose and 1F-
fructofuranosylnystose (Tungland 2003). They are produced at multi-tonne scale from 
concentrated sucrose solutions using fungal transfructosylating enzymes such as those from 
Aspergillus niger, Aspergillus oryzae and Aureobasidium pullulans (Sangeetha et al. 2005; Plou et al. 
2002). FOS are non-cariogenic ingredients, have a sweetness of 40–60% relative to sucrose, and 
exhibit prebiotic properties (Saulnier et al. 2009; Linde et al. 2009).  
An effective immobilisation method of fructosyltransferases is highly desired as it would 
allow a continuous FOS production process, the reuse of the biocatalyst and the reduction of the 
total costs for industrial settings (Ghazi et al. 2005; Csanadi and Sisak 2006; Smaali et al. 2011). In 
addition, immobilisation often protects enzymes from inactivation at extreme pH, high 
temperatures or organic solvents (Kunameni et al. 2008; Torres-Salas et al. 2011). In this work, 
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the dried alginate biocatalysts were studied, characterised, and their advantages over the 
classical alginate gel beads (volumetric activity, stability and space-time-yield) were 
highlighted. 
 
7.2. MATERIALS AND METHODS  
7.2.1. Materials  
Pectinex Ultra SP-L (batch no. KRN05409), a preparation from A. aculeatus used in fruit 
juice processing that contains pectinolytic, cellulolytic and fructosyltransferase activities (Ghazi 
et al. 2007), was kindly donated by Novozymes A/S (Denmark). Sodium alginate SG300 was 
obtained from Degussa Texturant Systems, Spain. Sodium alginate Algogel 6021 and Algogel 
3021 were kindly donated by Cargill Iberica, Spain. Sucrose, glucose and fructose were from 
Merck. 1-Kestose and nystose were from TCI Europe. 1F-Fructosyl-nystose was from Megazyme 
(Ireland). All other reagents were of the highest available purity.  
7.2.2. Preparation and characterisation of dried alginate-entrapped 
enzymes (DALGEEs)  
The gel beads were prepared by ionotropic gelation as described elsewhere (Reischwitz et 
al. 1995) with some variations. A 4% (w/v) sodium alginate solution was prepared in distilled 
water and stirred until a homogeneous clear solution was observed. The solution was let to 
settle for 2 h in order to eliminate all air bubbles. The alginate solution was then gently mixed in 
a ratio 1:1 (w:w) with the enzyme solution (Pectinex Ultra SP-L diluted 1:2 (v/v) with 10 mM 
sodium acetate buffer, pH 5.6). The resulting enzyme–alginate mixture was dropped with the 
help of a peristaltic pump (P-1, GE Healthcare) onto a 0.2 M CaCl2 solution in sodium acetate 
buffer (pH 5.6, 10 mM). A pipette tip was used at the outlet of the pump and placed 5 cm over 
the CaCl2 solution. The drops instantly formed gel beads in contact with the CaCl2 solution, 
which was maintained under magnetic stirring at 100 rpm. The beads were hardened in the 
CaCl2 solution for 20 min with mild agitation. The diameter of the beads obtained was around 3 
mm. The gel beads were then separated from the solution and washed twice with 250 ml of 
sodium acetate (pH 5.6, 10 mM) for 15 min under mild agitation. The gel beads obtained as 
described above were dehydrated by air flow or controlled evaporation at 35°C until the size of 
the particles remained constant. The resulting beads were called dried alginate entrapped 
enzymes (DALGEEs).  
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7.2.3. Confocal microscopy  
Protein distribution in DALGEE particles was studied using confocal fluorescence 
microscopy. Before immobilisation, proteins present in Pectinex-Ultra SP-L were labelled with 
fluorescein isothiocyanate (FITC), a fluorophore that chemically attaches to amino groups in 
proteins (Malmsten et al. 1999). Pectinex Ultra SP-L was diluted 1:2 (v/v) in 0.1 M Na2CO3. Then, 
FITC dissolved in N,N-dimethylformamide was added to the protein solution in a ratio of 5 µg 
of FITC/ml of protein (Torres et al. 2007). The unbound FITC was removed using a pre-packed 
PD-10 column (Amersham Biosciences). The FITC-labelled protein sample was diluted 1:2, 1:100 
and 1:1000 (v/v) with 10 mM acetate buffer (pH 5.6) before the immobilisation in calcium 
alginate and further drying. The resultant DALGEEs were analysed with a confocal laser 
scanning microscope (Leica, model TCS SP2-AOBS). An oil immersion objective (40.0 × 1.25) 
was used for all measurements and the pinhole aperture was set to 1.50 Airy (122 µm). The 
excitation wavelength was 488 nm and the emission was collected at 500–550 nm, with the 
corresponding filters. Micrographs were taken at different plane depths. The exposure of the 
micrographs was adjusted using the software for image processing.  
7.2.4. Porosimetry  
The specific surface area (SBET) of the DALGEEs was determined from analysis of 
nitrogen adsorption isotherms at −196°C using a Micromeritics ASAP 2010 equipment. The 
samples were previously degassed at 100°C for 12 h to a residual vacuum of 5 ×10−3 Torr in 
order to remove any loosely held adsorbed species.  
7.2.5. Water content  
A volumetric Karl–Fisher titrator (Mettler Toledo, model DL31) was used for measuring 
the water content of DALGEEs, employing Hydranal composite 5 as reagent.  
7.2.6. Scanning electron microscopy  
The DALGEEs were mounted on aluminium SEM stubs and sputter-coated with a thin 
layer of gold at completed Torr vacuum. Samples were examined by scanning electron 
microscopy using an XL3 microscope (Philips) at an acceleration potential of 20 kV.  
7.2.7. Activity assays  
The enzymatic activity towards sucrose was determined at 60°C in 0.2 M sodium acetate 
buffer (pH 5.6) by measuring the release of reducing sugars from 100 g/l sucrose solution using 
the dinitrosalicylic acid (DNS) method (Sumner and Howel 1935). The assay was adapted to 96-
well microplates as described in our previous work (Ghazi et al. 2005). One unit (U) of activity 
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was defined as that catalysing the formation of 1 µmol of reducing sugars per minute under the 
above conditions. The activity of the immobilised biocatalysts was determined incubating in an 
Eppendorf tube approximately 50 mg of alginate beads with 0.45 ml of 100 g/l sucrose solution 
in 0.2 M sodium acetate buffer (pH 5.6). The mixture was maintained at 60°C and 600 rpm for 
20 min in a Vortemp 56 incubator (Labnet). A 200 µl sample of the supernatant was withdrawn 
and submerged for 10 min in a water bath at 95°C, in order to inactivate the possible lixiviated 
enzyme. Then, 50 µl of this sample were transferred to one of the wells of the microplate, and 
the concentration of reducing sugars was measured as described above.  
7.2.8. Operational stability of DALGEEs in batch reactor  
DALGEEs (approximately 10 mg) were incubated with 250 µl of 600 g/l sucrose solution 
at 35°C and 900 rpm in a Vortemp 56 incubator (Labnet). After 20 min, the DALGEEs were 
separated from the reaction medium. The supernatant was incubated at 95°C for 10 min in a 
water bath (in order to inactivate any possible lixiviated enzyme) and the content of reducing 
sugars was determined using the DNS method. The DALGEEs were washed twice with a 
cooled (4°C) sucrose solution using high vortex agitation for 30 s each wash. A total of 13 
reaction cycles, with washes in between, were performed to evaluate the operational stability of 
DALGEEs.  
7.2.9. Operational stability of DALGEEs in a continuous fixed-bed 
reactor  
DALGEEs containing the entrapped fructosyltransferase were packed in a HiTrapTM 
column with 1 ml of total volume (7 mm × 25 mm, GE Healthcare). The inlet of the column was 
connected to an isocratic pump with dual reciprocating pistons (model 515, Waters), in order to 
precisely control the flow of the feeding solution to the bioreactor (600 g/l sucrose in 0.2 M 
sodium acetate buffer, pH 5.6). Both the bioreactor and the feeding solution were maintained at 
35°C in an Ovan chamber incubator (Lovango). At different times, samples were taken at the 
outlet stream of the bioreactor and analysed by HPLC. When using gel beads, a column XK 
16/20 (GE Healthcare) with 30 ml of total volume was used.  
7.2.10. HPLC analysis  
The analysis and quantification of the different carbohydrates present in the 
transfructosylation reactions was carried out by HPLC with a quaternary pump (Delta 600, 
Waters) coupled to a 4.6 mm × 250 mm Luna-NH2 column (5 µm, 100Å) from Phenomenex. 
Detection was performed using an evaporative light scattering detector DDL-31 (Eurosep) 
equilibrated at 85°C. Acetonitrile/water 75:25 (v/v), degassed with helium, was used as mobile 
phase at 0.9 ml/min for 3 min. Then, a gradient from this eluent to acetonitrile/water 70:30 (v/v) 
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was performed in 1 min, and held for 2 min. A new gradient to acetonitrile/water 60:40 (v/v) 
was performed in 2 min and held for 6 min. Total analysis time was 14 min. The column 
temperature was kept constant at 25°C. The data obtained were analysed using the Millennium 
Software.  
7.2.11. Water activity  
Water activity of sugar solutions was determined using a humidity and temperature 
digital indicator Thermoconstanter TH200 (Novasina, Switzerland). The humidity sensor was 
calibrated with control saturated salts solutions of different aw values (LiCl, 0.11; potassium 
acetate, 0.22; NaBr, 0.57; NaCl, 0.75; K2Cr2O7, 0.98) at 25°C.  
7.3. RESULTS AND DISCUSSION  
7.3.1. Preparation and characterisation of dried alginate-entrapped 
enzymes (DALGEEs)  
Fructosyltransferase activity from A. aculeatus, present in Pectinex Ultra SP-L (Ghazi et al. 
2007; Tanriseven and Aslan 2005), was entrapped in calcium alginate beads using different 
commercial sodium alginates (SG300, Algogel 6021 and Algogel 3021) and their immobilisation 
yields were compared (Table 7.1).  
Table 7.1. Effect of the source of alginate on the immobilization by entrapment of A. aculeatus 
fructosyltransferase. 
Alginate 
Total activity 
before 
immobilization 
(U) 
Immobilised 
activitya (U) 
Volume of 
gel beadsb 
(ml) 
Activity of 
gel beadsc 
(U/ml) 
Immobilisation 
yieldc (%) 
SG300 274.0 138.8 3.4 40.7 50.7 
Algogel 
6021 
193.0 34.9 2.4 14.5 18.1 
Algogel 
3021 
180.9 46.4 2.3 20.6 25.6 
a Determined by substracting the total initial activity in the enzymatic solution and the activity in the filtrate and the 
washing solutions. 
b The gel-based biocatalyst volume was estimated considering a gel density of 1 g/ml. 
c  Theoretical values. 
 
The immobilised enzymatic activity of the alginate beads was determined indirectly by 
measuring the initial activity of the solution before gelation and the activity present in the CaCl2 
and washing solutions. The value calculated was considered as the theoretical immobilised 
activity. The main contribution to the loss of activity occurs while the drop is not fully gelled to 
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form the bead (Betigeri and Neau 2002). Table 7.1 shows that sodium alginate SG300 was the 
most adequate for our purpose, probably due to an optimal mannuronic/guluronic acid ratio, 
with an immobilisation yield close to 50%. This value was also in accordance with the total 
protein immobilisation yield (47%) measured by the Bradford assay. Initial protein 
concentration in Pectinex preparation was approximately 17 mg/ml and fructosyltransferase 
accounted for only 0.4% of total protein (Ghazi et al. 2007). Theoretical immobilisation yields in 
the range 40–80% are usually reported (Gomez de Segura et al. 2006; Ortega et al. 2009; Rajan 
and Nair 2010; Shankar et al. 2011) and, therefore, the SG300 alginate was selected for further 
experiments. The so-called apparent activity (experimental) of the immobilised biocatalysts, 
which takes into account mass transfer and diffusional restrictions (Worsfold 1995), was 
measured using 3 gel-beads (approximately 50 mg) and 100 g/l sucrose. The volumetric 
apparent activity of the SG300 gel-based biocatalyst was 10 U/ml, which is nearly 4-fold lower 
than the theoretical value. The difference between theoretical and apparent activities seems to 
be related with the mass transfer of substrates and products within the alginate matrix. We 
performed the drying process of the calcium alginate gel beads and the resulting biocatalysts, 
with a crystalline appearance, were called DALGEEs. The size of the alginate beads was signifi-
cantly reduced, from 3 mm to less than 1 mm upon drying, which accounted for a volume 
reduction of approximately 96% (considering the beads as perfect spheres). The images 
obtained by scanning electron microscopy of the DALGEE particles are shown in Fig. 7.2.  
Beads were nearly spherical and quite homogeneous in size, showing a rough surface. 
Santagapita et al. 2012 reported that roughness or smoothness is affected both by the beads 
composition and drying method. A crucial point for the applicability of DALGEEs was to 
analyse if they rehydrated when they were submerged in the sugar solution, as swelling may be 
accompanied by enzyme leakage. Fig. 7.3 shows that DALGEEs rehydrate in buffer solution. In 
contrast, DALGEEs beads maintain its initial size after 1 day incubation in 600 g/l sucrose. This 
fact seems to be related with the decrease of water activity (aw) caused by sucrose (Velezmoro et 
al. 2000). This property is important since many chemical, enzymatic and microbiological 
processes are dependent on the availability of water (Gosling et al. 2011; Laroche et al. 2005). The 
DALGEEs swell very slightly when they are in contact with a concentrated sucrose solution; 
this smooth swelling may facilitate the contact between the enzyme molecules and the 
substrates. We observed that a 600 g/l sucrose solution lowers the aw of water from 1.0 to 0.97; 
this small change is enough to prevent DALGEEs from recovering their initial size. When 
increasing sucrose concentration up to 950 g/l, the aw diminishes to a value of 0.87. However, 
the swelling process may be also influenced by the M/G ratio of the alginate and/or the drying 
method. 
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The apparent enzymatic 
activity of DALGEEs containing 
fructosyltransferase from A. 
aculeatus was 300 U/ml, which is 
30-fold higher than that 
measured for the gel beads. The 
textural studies revealed the low 
porosity of this material, with a 
BET area of 7.6 m2/g and a total 
pore volume of 0.072 cm3/g, 
measured from the adsorption 
nitrogen isotherms. The water 
content of DALGEEs, 
determined by the Karl Fisher 
assay, was of only 1.5% (w/w). 
The distribution of immobilised 
FITC-labelled proteins in 
DALGEEs was studied by 
fluorescence confocal 
microscopy. Although 
fluorescence was found 
throughout the whole volume of 
the beads, a clear preferential 
accumulation of the enzyme in 
the shell of the particle was 
observed when lowering the 
exposure of the emission signal 
(Fig. 7.4A).  
 
This result is in accordance with the expected hypothetical drying process, as it occurs 
from the outer to the inner layers thus enriching the beads with protein in the external layers 
(Fig. 7.4B) (Magnin et al. 2001). 
 
1 mm
50 µm
Fig. 7.2. SEM micrographs of the DALGEE particles. 
Magnifications: upper picture, 45x; bottom picture, 1000x.  
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Fig. 7.3. Swelling of DALGEEs obtained with Algogel 3021: (1) alginate gel particle; (2) DALGEE particle; 
(3) DALGEE particle after 24 h incubation in buffer; (4) DALGEE particle after 24 h incubation in 600 g/l 
sucrose. 
(A)
(B)
300 µm
 
Fig. 7.4. (A) Confocal image of FITC-labelled proteins, from Pectinex Ultra SP-L, entrapped in DALGEE 
particles. The images belong to a DALGEE particle in which the FITC-labelled protein solution was 
diluted 1:100 (v/v) prior to the gel-entrapment procedure. (B) Proposed mechanism of protein 
concentration on the shell of a DALGEE particle upon the drying process. 
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7.3.2. FOS synthesis in batch reactor with fructosyltransferase in 
DALGEEs  
The reuse of DALGEEs was studied in a batch reactor measuring the activity of the beads 
in a sequence of reaction cycles. Fig. 7.5 illustrates the operational stability of the DALGEEs in 
13 successive reaction cycles of 20 min each. As it is shown, the operational stability of DALGEE 
biocatalysts was very satisfactory. This behaviour was probably related with the fact that 
DALGEEs do not swell in concentrated sucrose solution and thus the enzyme leakage is 
minimised.  
 
Fig. 7.5. Reuse assay of DALGEEs, containing the fructosyltransferase from A. aculeatus, in successive 
batch reactions. After each reaction cycle (20 min), the DALGEEs were separated from the reaction 
medium and washed. Reaction conditions: 600 g/l sucrose, 35°C, 900 rpm. 
7.3.3. FOS synthesis in continuous fixed-bed bioreactors with 
fructosyltransferase in DALGEEs  
A fixed-bead reactor of small volume (1 ml) was packed with the DALGEEs. The 
operation of the continuous reactor for FOS synthesis was assayed at 0.01 ml/min and 35°C. The 
bioreactor was operated continuously for 700 h during which samples were taken and analysed 
by HPLC. As shown in Fig. 7.6, the composition of the outlet was nearly constant at least during 
700 h, with an average FOS concentration of 275 g/l, which indicated an optimal operational 
stability of the DALGEEs biocatalysts. The composition of the outlet was approximately as 
follows: 175 g/l glucose, 148 g/l sucrose, 140 g/l 1-kestose, 96 g/l nystose, 30 g/l 1F-fructosyl-
nystose and 11 g/l 1F-fructosyl-fructosyl-nystose.  
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Fig. 7.6. Operational stability of the fixed-bed bioreactor packed with DALGEEs containing the 
fructosyltransferase from A. aculeatus. Reactor conditions: feed, 600 g/l sucrose; flow rate, 0.01 ml/min; 
temperature, 35°C.  
Considering the volume of the bioreactor and the mean concentration of total FOS 
measured at the outlet, the space-time yield was approximately 4030 g FOS/day·l. The above 
space-time yield was compared with that of a 25 ml fixed-bed reactor packed with the calcium 
alginate gel beads, which was also operated in continuous mode, at 35°C and with a flow rate of 
0.01 ml/min. Samples at the outlet of the column were analysed by HPLC. The sucrose 
conversion reached with this system was 67%, and the space-time yield was 103 g FOS/day·l, 
which is about 40-fold lower than that determined for a reactor packed with DALGEEs. The 
fructo-oligosacharide composition obtained from enzymatic transfructosylation is highly 
Capítulo 7 
131 
dependent on the reaction time (Ghazi et al. 2005), which is proportional to the residence time in 
a continuous reactor. The FOS composition was therefore studied operating the reactor at 
different flow rates in order to control the residence time. The results of this study (Fig. 7.7) 
showed that high residence times led to a final FOS product enriched in tetra- and 
pentaoligosaccharides, whereas low residence times yielded to a trisaccharide-enriched FOS 
mixture. The specific effects of prebiotic oligosaccharides depend, among other factors, on their 
degree of polymerisation (Kelly 2008; Roberfroid 2007; Rodriguez-Colinas et al. 2011), so it is 
interesting to control the FOS distribution varying the flow rate of the fixed-bed reactor.  
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Fig. 7.7. Effect of the residence time on the sucrose conversion and FOS composition in the fixed-bed 
bioreactor packed with DALGEEs containing the fructosyltransferase from A. aculeatus. Operational 
conditions: feed, 600 g/l sucrose; temperature, 35°C.  
The study also revealed that an increase of the residence time was translated into higher 
sucrose conversion values, achieving a maximum value of 91%. Elsewhere, the extraordinary 
operational stability of DALGEEs biocatalysts in continuous fixed-bed reactors ensures a 
product with a constant FOS composition. This immobilisation method may also be suitable for 
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other biotechnological processes, in particular those involving the transformation of 
carbohydrates. Indeed, we have also applied the DALGEEs technology to obtain 
glucose/fructose syrups using a β-fructofuranosidase from Rhodotorula dairensis (Fernandez-
Arrojo et al. 2010), to convert inulin into fermentable sugars using an inulinase, and for galacto-
oligosaccharides synthesis using a β-galactosidase (data not shown). 
7.4. CONCLUSIONS 
The methodological simplicity for the preparation of DALGEEs and the low cost of the 
required materials make this process attractive for its application in large-scale FOS synthesis. 
The drying process of the gel beads resulted in particles with crystalline appearance and 
increased volumetric activity (30-fold) compared with the corresponding gel based biocatalysts. 
In addition, its storage stability (absence of microbial growth compared with the hydrated 
beads), operational stability and no swelling when used in low aw media (e.g. concentrated 
sucrose solutions) offer excellent perspectives for applications in biotransformations.  
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En este Capítulo 8 se expone un resumen general de los resultados más relevantes 
recogidos en la presente Tesis Doctoral englobando las principales conclusiones de los trabajos 
correspondientes a los anteriores Capítulos del 2 al 7, aportando algún resultado y/o concepto 
adicional que no se comenta en los artículos publicados que completan esta memoria. A lo largo 
de este apartado se aporta una pequeña discusión sintetizando todos estos resultados. 
Esta Tesis Doctoral se basa en la obtención enzimática, caracterización y estudio de las 
propiedades prebióticas de los oligosacáridos prebióticos empleados en leches infantiles. Para la 
producción de GOS y FOS se emplean tres β-galactosidasas y una β-fructofuranosidasa, 
respectivamente. En primer lugar, se llevó a cabo un estudio comparativo de tres β-
galactosidasas de diferente origen (Capítulos 2-4), todas ellas aptas para la industria 
alimentaria, analizando en detalle la producción de GOS obtenida con cada una de ellas. En el 
caso de K. lactis, adicionalmente se compara la cinética de reacción de la enzima soluble con la 
obtenida empleando las propias células, permeabilizadas y liofilizadas, dado su carácter 
intracelular. Con el objetivo de lograr leche con bajo contenido en lactosa y enriquecida con una 
cantidad apreciable de GOS prebióticos, concepto de gran interés comercial, se emplearon 
dichas enzimas utilizando directamente leche semidesnatada como sustrato, con el 
inconveniente del bajo contenido de lactosa para la producción de GOS (Capítulo 6). Se 
purificaron algunos de los GOS identificados en estos trabajos, con diferente grado de 
polimerización y tipo de enlace para el estudio del posible efecto prebiótico mediante 
fermentación in vitro con control continuo de pH, en condiciones anaerobias y empleando heces 
humanas como inóculo (Capítulo 5). Por último, se aportan los datos obtenidos en el estudio de 
la inmovilización por atrapamiento en alginato cálcico tanto para la obtención de FOS en un 
proceso continuo (Capítulo 7), como para la obtención de GOS cuyos resultados no han sido 
publicados por el momento pero considero interesante adelantar para dar un enfoque global en 
el estudio de la síntesis de GOS. 
8.1. Estudio comparativo de las β-galactosidasas de K. lactis, B. 
circulans y A. oryzae en la producción de GOS 
8.1.1. Propiedades de las enzimas 
Los estudios descritos en los Capítulos 2, 3 y 4 se llevaron a cabo con las β-galactosidasas 
de K. lactis, B. circulans y A. oryzae, respectivamente, cuyas propiedades generales se resumen en 
la Tabla 8.1 siendo todas ellas mesófilas (temperatura óptima de crecimiento: 15-35°C) y aptas 
para su utilización en la industria alimentaria. 
Hoy en día, este tipo de enzimas se utilizan ampliamente en la industria alimentaria por 
su capacidad de hidrólisis de la lactosa dado que en nuestra población cada vez es más habitual 
Resumen global 
136 
la mala absorción de este carbohidrato por nuestro organismo dando lugar a diferentes grados 
de intolerancia a la lactosa. Actualmente, existe potencial interés en el carácter de 
transgalactosilación de este tipo de enzimas para la producción de GOS prebióticos de manera 
que se continúa buscando microorganismos con propiedades adecuadas para su uso industrial 
y que, simultáneamente, sean capaces de producir mezclas de GOS específicas con mejores 
rendimientos. 
Tabla 8.1. Características generales de las β-galactosidasas empleadas en los Capítulos 2, 3 y 4. 
Microorganismo K. lactis B. circulans A. oryzae 
Procedencia 
Levadura 
(intracelular) 
Bacteria  
(extracelular) 
Hongo  
(extracelular) 
Estructura 
cristalina 
(Código Protein 
Data Bank) a  
(3OBA) 
 
(3TTS) 
 
(4IUG) 
T óptima (°C) 40-50 30-50 45-55 
pH óptimo 6.5-7.5 5.5-6.5 4.5-4.8 
MM (kDa) 119 (monómero) 
β-Gal-A : 189; β-Gal-B : 
154; β-Gal-C : 134; β-
Gal-D : 91 
105 
Estado de 
agregación 
Tetrámero      Hexámero Monómero 
a Pereira-Rodriguez et al. 2012; Maksimainen et al. 2012 (sp. alkalophilus); Maksimainen et al. 2013. 
 
8.1.2. Producción de GOS 
La identificación completa de los GOS sintetizados por una enzima en particular es una 
ardua tarea dada la amplia variedad de posibles productos formados, con distinto grado de 
polimerización, composición y/o enlaces presentes. Así, teniendo en cuenta la formación de 
enlaces β(1→2), β(1→3), β(1→4) y β(1→6), el número total de posibles GOS lineales son 7 
disacáridos, 32 trisacáridos, 128 tetrasacáridos y así sucesivamente, como se muestra en la Fig. 
8.1. 
Las biotransformaciones en que se emplean β-galactosidasas vienen determinadas por 
una competencia entre las reacciones de hidrólisis y de transferencia, por lo que las condiciones 
de reacción juegan un papel esencial para la síntesis de GOS. Optimizando estas condiciones, la 
actividad de transgalactosilación puede verse favorecida dando como resultado rendimientos 
muy interesantes para aplicación industrial. La tendencia a sintetizar en vez de hidrolizar 
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depende principalmente del origen de la enzima, la concentración inicial de lactosa, la 
temperatura y la actividad de agua. 
Lactosa
Galactosa
Glucosa
+
Gal-β(1→2)-Lact
Gal-β(1→3)-Lact
Gal-β(1→6)-Lact
Gal-β(1→4)-Lact
Gal-β(1→2)-Gal
Gal-β(1→3)-Gal
Gal-β(1→6)-Gal
Gal-β(1→4)-Gal
Gal-β(1→2)-Glc
Gal-β(1→3)-Glc
Gal-β(1→6)-Glc
Gal-β(1→2)-Gal-β(1→3)-Gal
Gal-β(1→3)-Gal-β(1→3)-Gal
Gal-β(1→6)-Gal-β(1→3)-Gal
Gal-β(1→4)-Gal-β(1→3)-Gal
Gal-β(1→2)-Gal-β(1→4)-Gal
Gal-β(1→3)-Gal-β(1→4)-Gal
Gal-β(1→6)-Gal-β(1→4)-Gal
Gal-β(1→4)-Gal-β(1→4)-Gal
Gal-β(1→2)-Gal-β(1→6)-Gal
Gal-β(1→3)-Gal-β(1→6)-Gal
Gal-β(1→6)-Gal-β(1→6)-Gal
Gal-β(1→4)-Gal-β(1→6)-Gal
Gal-β(1→2)-Gal-β(1→3)-Glc
Gal-β(1→3)-Gal-β(1→3)-Glc
Gal-β(1→6)-Gal-β(1→3)-Glc
Gal-β(1→4)-Gal-β(1→3)-Glc
Gal-β(1→2)-Gal-β(1→6)-Glc
Gal-β(1→3)-Gal-β(1→6)-Glc
Gal-β(1→6)-Gal-β(1→6)-Glc
Gal-β(1→4)-Gal-β(1→6)-Glc
H2O
Lact
 
Fig. 8.1. Resumen de los posibles GOS sintetizados por una β-galactosidasa considerando la formación de 
enlaces β(1→2), β(1→3), β(1→4) y β(1→6). El carbohidrato que actúa como aceptor se muestra en color 
azul. No se muestran los trisacáridos obtenidos a partir de Gal-β(1→2)-Gal y Gal-β(1→2)-Glc. 
Un factor importante a tener en cuenta es el origen de la enzima, que influye en la 
especificidad de los productos de reacción de forma que varía tanto la tendencia a formar un 
tipo de enlace glicosídico como la distribución de oligosacáridos con diferente grado de 
polimerización. Así, con los trabajos descritos anteriormente se ha logrado una visión general 
comparativa de tres enzimas muy empleadas, dado su carácter GRAS, en la industria 
alimentaria con el objetivo principal de hidrolizar la lactosa. Nuestro trabajo aporta un análisis 
cuantitativo detallado de cada uno de los GOS sintetizados a lo largo del proceso de reacción, 
la identificación y composición de los mismos, y la elucidación de algunas de sus estructuras 
mediante espectrometría de masas y RMN. 
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Entre las β-galactosidasas de K. lactis, B. circulans y A. oryzae, se observan importantes 
diferencias en cuanto al máximo de concentración de GOS y a la productividad específica 
obtenida como muestra la Tabla 8.2. Se obtienen los mejores resultados con B. circulans (198 g/l 
GOSmáx. y 361 gGOS/gprot.·h de productividad específica) doblando casi los valores de K. lactis (160 
g/l; 187 gGOS/gprot.·h) y A. oryzae (107 g/l; 180 gGOS/gprot.·h). 
Table 8.2. Resumen de los estudios cinéticos llevados a cabo con diferentes β-galactosidasas a 40°C 
empleando lactosa 400 g/l (34.7% p/p) como sustrato en todas las reacciones. 
 K. lactis B. circulans A. oryzae 
pH 6.8 5.5 4.5 
Tampón (0.1 M) Fosfato potásico   Acetato sódico  Citrato-fosfato sódico  
Actividad a 1.5 U/ml 15 / 1.5 U/ml 15 U/ml 
Productividad específica  
(gGOS/gprot.·h) 
187 361/ 253 180 
tGOS máx. (h) 22 6.5 / 77.5 7 
% GOS máx. 42.6 49.4 / 41.3 26.8 
GOS máx. (g/l) 160 198 / 165 107 
% conversión lactosa b 95 95 / 70 70 
a Actividad enzimática en la mezcla de reacción (medida con ONPG). 
b Valores correspondientes a la concentración máxima de GOS. 
 
8.1.3. β-Galactosidasa de K. lactis 
Respecto a la β-galactosidasa de K. lactis, se observa claramente en la Fig. 8.2 su 
tendencia predominante a la formación de enlace tipo β(1→6) sintetizando mayoritariamente 
los disacáridos 6-galactobiosa y alolactosa; y el trisacárido 6´-galactosil-lactosa con un 43% p/p 
de GOStotales a las 22 h, máximo que se alcanza a un 95% de conversión de lactosa. 
El empleo de células enteras de K. lactis permeabilizadas y liofilizadas es una forma 
rápida y eficaz de tener inmovilizada la enzima en su propia célula y simultáneamente accesible 
a las moléculas de sustrato, en este caso lactosa. La permeabilización de la pared celular a través 
del tratamiento con etanol facilita la difusión entre moléculas de sustrato y producto, y la 
liofilización permite mejor conservación de la muestra y fácil manejo. Los resultados obtenidos 
en el trabajo correspondiente al Capítulo 2 indican unos rendimientos del 44% GOStotales a las 6 h 
de reacción y a una conversión del 76% de lactosa.  
El perfil de productos sintetizados tanto con las enzimas solubles (Lactozym y Maxilact) 
como con las células enteras es similar, diferenciándose únicamente en la aparición y/o 
proporción de determinados picos/productos minoritarios. La reacción con células muestra el 
típico comportamiento cinético donde se alcanza un máximo de GOS en un tiempo 
determinado seguido de la hidrólisis progresiva de algunos de los productos sintetizados, dada 
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la competencia constante entre hidrólisis y transgalactosilación; sin embargo, con las β-
galactosidasas solubles parece que la reacción se encuentra parada antes de alcanzar el 
equilibrio final. Una vez alcanzado el equilibrio, los monómeros glucosa y galactosa tienden a 
converger como se muestra en los datos de la Tabla 2.1 del Capítulo 2, fenómeno que se observa 
para las células pero no para las enzimas solubles. En el caso de las enzimas solubles, al pararse 
la reacción antes del equilibrio la concentración de glucosa es mucho mayor que la de galactosa 
dado que las moléculas de galactosa han sido transferidas y están formando parte de los 
productos, productos que no han llegado a hidrolizarse. Esto puede ser debido a la baja 
estabilidad de estas enzimas solubles con respecto a las células enteras como se muestra en la 
Fig. 2.2 del Capítulo 2 en la que se observa que en presencia de una elevada concentración de 
azúcar se produce un efecto estabilizante mucho mayor en las células. Así, la lactosa no es 
consumida completamente quedando 21 g/l (Lactozym) y 65 g/l (Maxilact) frente a los 3 g/l de 
lactosa residual empleando las células. En este trabajo, se identificaron varios productos 
empleando estándares comerciales; otros fueron purificados mediante HPLC-HILIC 
semipreparativa en cantidad y pureza suficiente para su posterior análisis estructural mediante 
técnicas de RMN y espectrometría de masas: 6´-galactosil-lactosa y 3-galactosil-glucosa. 
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Fig. 8.2. Resumen de la concentración máxima de GOS empleando β-galactosidasa soluble de K. lactis en 
función del tipo de enlace y del grado de polimerización (GP), respectivamente. Condiciones 
experimentales: 400 g/l lactosa; pH 6.8; 40°C; 1.5 U/ml. 
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8.1.4. β-Galactosidasa de B. circulans 
Con la β-galactosidasa de B. circulans, los productos mayoritarios son el trisacárido 4´-
galactosil-lactosa y el tetrasacárido Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc mostrando 
preferencia por la formación del enlace β(1→4) como se observa en la Fig. 8.3. Se obtuvo como 
resultado un 41% de rendimiento de GOS a las 77.5 h y a una conversión de lactosa del 70% 
llegando a sintetizar aproximadamente un 61% de trisacáridos. 
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Fig. 8.3. Resumen de la concentración máxima de GOS empleando β-galactosidasa de B. circulans en 
función del tipo de enlace y del grado de polimerización (GP), respectivamente. Condiciones 
experimentales: 400 g/l lactosa; pH 5.5; 40°C; 1.5 U/ml. 
Los GOS mayoritarios alcanzan un máximo seguido de una disminución progresiva de 
los mismos, y a su vez otros productos como alolactosa y 3-galactosil-glucosa empiezan a 
contribuir más en las últimas etapas de reacción manteniéndose la concentración de GOS 
constante a partir de 70 h. Esto probablemente es debido a que la actividad hidrolítica de la 
enzima, al igual que la de transferencia, también es específica para enlaces β(1→4) comparado 
con los enlaces β(1→3) y β(1→6) presentes en estos otros GOS. A las 418 h aún queda un 23% de 
lactosa residual, por lo que se decidió adicionar más enzima para confirmar si la reacción había 
llegado a un equilibrio o por el contrario se había inactivado la enzima durante el proceso. Así, 
confirmamos que la lactosa seguía decreciendo hasta llegar a valores de 61 g/l correspondiente a 
un 8% lactosa residual, y un pequeño aumento de GOS, principalmente de disacáridos como se 
observa en la Fig. 3.4B del Capítulo 3. 
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Aumentando la concentración de la enzima se incrementa la velocidad de reacción pero 
no afecta al porcentaje máximo de GOS excepto en casos de inactivación, siendo menos 
probable que la enzima se inactive durante la reacción a concentraciones mayores. Con el 
objetivo de minimizar este efecto de inactivación, se realizó la síntesis de GOS a 15 U/ml 
alcanzando un rendimiento de 198 g/l (49.4% p/p) a las 6.5 h quedando al final de la reacción un 
2.5% de lactosa residual. Esto confirma que efectivamente la reacción anterior a concentración 
inferior se paró antes de llegar a la composición final. Se muestra en la Fig. 8.4 la concentración 
de GOS en función de la conversión de lactosa a ambas concentraciones enzimáticas. 
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Fig. 8.4. Formación de GOS en función de la conversión de lactosa de las reacciones llevadas a cabo a pH 
5.5 y 40°C: (A) con lactosa 400 g/l a 1.5 U/ml; (B) con lactosa 400 g/l a 15 U/ml. Línea discontinua: adición 
de enzima. 
En la Fig. 8.5 se muestra el progreso de los productos de reacción donde se observa cómo 
la composición de la mezcla de GOS sintetizada va cambiando notablemente con el transcurso 
de la reacción. Esto es debido a que durante la reacción de transgalactosilación los GOS son 
simultáneamente sintetizados y degradados, actuando además como sustratos para la 
hidrólisis, por lo que el rendimiento y la composición es tan variable que produce mezclas 
complejas y difíciles de predecir. 
En este trabajo se determinaron las estructuras del tetrasacárido Gal-β(1→4)-Gal-β(1→4)-
Gal-β(1→4)-Glc y del trisacárido Gal-β(1→4)-Gal-β(1→3)-Glc mediante técnicas de RMN y 
espectrometría de masas. 
Consideramos interesante realizar esta reacción a diferentes pHs empleando el tampón 
B&R (Britton-Robinson) constituido por una mezcla de ácidos que permite hacer un barrido de 
pH entre 2 y 12. El estudio se realizó empleando el mismo volumen de enzima para cada una de 
las reacciones. Comparando la cinética de reacción (Fig. 8.6) a diferentes pHs no se encontraron 
diferencias sustanciales en la especificidad de productos, por lo que no continuamos por esta 
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línea. Un aspecto positivo de este experimento es que esta enzima es capaz de trabajar a un pH 
extremo como es 12.5 formando GOS aunque en menor medida que a valores de pH inferiores. 
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Fig. 8.5. Análisis HPAEC-PAD representativo del transcurso de la reacción correspondiente a 6.5, 50 y 175 
h. (1) Galactosa; (2) Glucosa; (3) Disacárido desconocido; (4) 6-Galactobiosa; (5) Alolactosa; (6) Lactosa; (7) 
3-Galactobiosa; (8) 4-Galactobiosa; (9) 6´-O-β-Galactosil-lactosa; (10) 3-O-β-Galactosil-glucosa; (12) 4´-O-β-
Galactosil-lactosa; (16) Gal-β(1→4)-Gal-β(1→3)-Glc; (18) Tetrasacáridos; (11, 13-15, 17) Desconocidos. 
Condiciones experimentales: 400 g/l lactosa; pH 5.5; 40°C; B. circulans β-galactosidase; 15 U/ml.  
Tiempo de retención (min)
0 10 20 30 40 50 60 70
pH 5.5
pH 8.5
pH 10.0
pH 12.5
1
2
3
4
5
6
7
8
9
10/11
12
13
14/15
18
1716
Tiempo de reacción (h)
0 5 10 15 20 25 30
%
 L
ac
to
sa
0
20
40
60
80
100
pH 5.5
pH 8.5
pH 10.0
pH 12.5
A B
 
Fig. 8.6. (A) Cromatogramas HPAEC-PAD de las mezclas de reacción de GOS a diferentes valores de pH a 
las 33 h de reacción; y, (B) en función del porcentaje de lactosa. Condiciones de reacción: lactosa 400 g/l, B. 
circulans β-galactosidase, 15 U/ml y 40°C. 
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8.1.5. β-Galactosidasa de A. oryzae 
Con la β-galactosidasa de A. oryzae se obtiene un 27% (p/p) máximo de GOS 
aproximadamente a un 70% de conversión de lactosa a las 7 h de reacción. Se muestra en la Fig. 
8.7 una evidente tendencia a la formación de enlaces tipo β(1→6) siendo el producto 
mayoritario 6´-galactosil-lactosa. La cantidad de disacáridos formados por esta enzima es 
importante, contribuyendo en mayor proporción la alolactosa y la 6-galactobiosa. Este hecho 
apenas había sido reportado anteriormente en la bibliografía. 
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Fig. 8.7. Resumen de concentración máxima de GOS empleando β-galactosidasa de A. oryzae en función 
del tipo de enlace y del grado de polimerización, respectivamente. Condiciones experimentales: 400 g/l 
lactosa; pH 4.5; 40°C; 15 U/ml. 
En este trabajo se determinaron las estructuras del tetrasacárido Gal-β(1→6)-Gal-β(1→6)-
Gal-β(1→4)-Glc y del trisacárido 3´-galactosil-lactosa [Gal-β(1→3)-Gal-β(1→4)-Glc] mediante 
técnicas de RMN y espectrometría de masas. También se consiguieron identificar y cuantificar 5 
disacáridos conteniendo principalmente enlaces  β(1→6), β(1→3) y β(1→4). 
Comparando estas tres β-galactosidasas, se observan diferencias tanto en la 
concentración máxima de GOS alcanzada y la especificidad de producto, así como en el grado 
de polimerización. A modo de resumen, la β-galactosidasa de B. circulans alcanza los valores 
más elevados de GOS formando preferentemente enlaces β(1→4); mientras que las enzimas de 
K. lactis y A. oryzae muestran tendencia a formar enlaces β(1→6) siendo ésta última preferible 
para la obtención de mezclas de β(1→6) y β(1→3). En cuanto al grado de polimerización, se 
encuentra mayor proporción de trisacáridos (61%) con B. circulans, y con K. lactis y A. oryzae se 
obtiene una mezcla de di- y trisacáridos. 
Resumen global 
144 
Las estructuras de todos los productos identificados en los Capítulos 2, 3 y 4 se recopilan 
en el Anexo 8.1, el espectro de RMN de 4´-galactosil-lactosa en el Anexo 8.2 y algunos espectros 
de masas no mostrados anteriormente en el Anexo 8.3. 
8.2. Comparación de las distintas β-galactosidasas para la          
obtención de leche baja en lactosa enriquecida con GOS 
Normalmente, en la industria alimentaria se suelen emplear este tipo de enzimas por su 
actividad hidrolítica y no por su actividad de transgalactosilación, por lo que estos resultados 
aportan datos muy novedosos sobre los productos sintetizados. La mayoría de los estudios 
llevados a cabo hasta el momento se basan en la hidrólisis de la lactosa, dado el gran interés 
existente debido a la cada vez más extendida mala absorción de este disacárido. Generalmente, 
están aceptadas las leches con un 50-80% de lactosa reducida para satisfacer los requerimientos 
fisiológicos de la mayoría de los grupos intolerantes a la lactosa, excepto para los casos 
extremos que deben estar totalmente libres de este disacárido (Indyk et al. 1996). 
En el Capítulo 6 se detalla el estudio de la cinética de formación de GOS empleando β-
galactosidasas de diferente origen en una dosis de 0.1% (v/v) a partir de leche semidesnatada a 
40°C y 4°C. Como se comenta en el Capítulo 1, los GOS se emplean comúnmente en alimentos 
infantiles dada su similitud estructural y funcional con los oligosacáridos de la leche materna 
(HMOs). La producción in situ de GOS a partir de la leche es una alternativa interesante a la 
adición externa de GOS sintetizados a partir de lactosa. Además, dicha estrategia podría 
permitir obtener derivados lácteos enriquecidos con GOS y con bajo contenido en lactosa. La 
concentración de lactosa presente en leche se encuentra dentro del intervalo 44-46 g/l, lo que 
explica que no haya muchos trabajos basados en la producción de GOS.  
Las tres enzimas muestran el mismo perfil típico con formación de un máximo de GOS 
seguido de la hidrólisis de los mismos, dada la competencia entre ambas reacciones siendo la 
lactosa residual prácticamente nula a 1.5, 4.5 y 24 h para K. lactis, B. circulans y A. oryzae, 
respectivamente. Evidentemente, se mantiene la tendencia a formar un tipo de enlace específico 
en función de cada enzima como se observa en los cromatogramas de la Fig. 6.2 empleando 
leche como sustrato y en los Capítulos 2, 3 y 4 empleando lactosa. 
En la Tabla 8.3 se muestran los resultados obtenidos con las tres β-galactosidasas a partir 
de leche semidesnatada a 40°C y 4°C, respectivamente. Los mejores resultados en cuanto a 
rendimiento de GOS se alcanzan con B. circulans en menor tiempo y a ambas temperaturas; sin 
embargo, en este caso son preferibles los valores que se obtienen con K. lactis dado que nuestro 
objetivo es conseguir una leche con bajo contenido en lactosa y enriquecida con un porcentaje 
de GOS cercano a la cantidad de oligosacáridos presentes en la leche materna. Así, un factor a 
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tener en cuenta es la lactosa residual presente en el máximo de GOS siendo muy inferior con K. 
lactis que con las otras β-galactosidasas (entre 2.1-2.7 g/l comparado con 25-28 g/l). Este hecho 
contrasta con las reacciones donde se emplea lactosa como sustrato, que dejan un porcentaje de 
lactosa residual considerable al final de la reacción y cuyo contenido disminuye a mayores 
concentraciones enzimáticas. 
Tabla 8.3. Resumen de los resultados obtenidos con leche semidesnatada, cuando la concentración de GOS 
es máxima empleando diferentes β-galactosidasas con una dosificación del 0.1% (v/v). Se muestran los 
datos a 40°C y 4°C, respectivamente. 
40°C 
β-galactosidasa 
GOS máx. 
(g/l) 
% GOSa t máx. (h) 
% Conversión 
lactosa 
Lactosa residual 
(g/l) 
K. lactis 7.0 15 1.0 95 2.1 
B. circulans 7.6 16 0.75 50 28.1 
A. oryzae 4.5 10 1.5 43 25.7 
 
4°C 
β-galactosidasa 
GOS máx. 
(g/l) 
% GOSa t máx. (h) 
% Conversión 
lactosa 
Lactosa residual 
(g/l) 
K. lactis 4.8 10 5.0 95 2.7 
B. circulans 8.1 18 2.5 50 25.1 
A. oryzae 4.2 9 > 78 43 26.7 
aReferido al total de carbohidratos en la mezcla de reacción. 
 
Se obtuvieron resultados muy interesantes a 40°C pero también a 4°C, temperatura de 
interés en la industria láctea ya que se minimiza la desnaturalización de las proteínas y la 
degradación de las vitaminas.  
Para este objetivo de leche baja en lactosa y enriquecida en GOS, sería preferible realizar 
el tratamiento enzimático antes del tratamiento térmico pertinente para poder parar la reacción 
en el punto de mayor interés teniendo en cuenta que la relación rendimiento de GOS y 
contenido de lactosa sea favorable. Esto tiene el inconveniente de que los monosacáridos 
producidos durante la hidrólisis puedan sufrir la reacción de Maillard y por tanto modificar las 
propiedades organolépticas del alimento. A pesar de ello esta metodología (tratamiento 
enzimático seguido del térmico) es la más empleada en la obtención de productos lácteos UHT 
bajos en lactosa (Ruiz-Matute et al. 2012). 
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8.3. Estudio de la selectividad prebiótica de diferentes GOS 
purificados mediante fermentación in vitro  
Tras el análisis cinético con las tres β-galactosidasas mencionadas anteriormente, se 
realizó un estudio  para evaluar cómo influyen el tipo de enlace y el grado de polimerización de 
los diferentes GOS en la actividad prebiótica. Para ello, previamente se purificaron una serie de 
GOS en cantidades de 250 mg mediante HPLC-HILIC semipreparativa. Se obtuvieron el 
trisacárido 4´-galactosil-lactosa con un 65% de pureza (determinada mediante HPAEC-PAD), el 
trisacárido 6´-galactosil-lactosa con un 71% y una mezcla de los disacáridos alolactosa y 6-
galactobiosa con un 76% de pureza, y cuyos análisis HPAEC-PAD se encuentran representados 
en el Capítulo 5. 
Durante la estancia realizada en 
el Departamento de Ciencias 
Nutricionales y Alimentación de la 
Universidad de Reading (Reino 
Unido), estos GOS purificados 
sirvieron de sustratos en la 
fermentación in vitro empleando como 
inóculo heces humanas. En este 
estudio se incorporó una mezcla de 
GOS comercial, Bimuno-GOS, como 
control positivo dado su efecto 
prebiótico demostrado. Esta mezcla se 
obtiene a partir de la β-galactosidasa 
de B. bifidus y contiene principalmente 
enlaces tipo β(1→3), siendo su 
composición: 48% GOS, 22% lactosa, 18% glucosa y 12% galactosa, por lo que, se purificó 
parcialmente para reducir la presencia de mono- y disacáridos presentes en la mezcla (Tzortzis 
y Vulevic 2009). 
La fermentación in vitro de dichos sustratos se llevó a cabo según se muestra en la Fig. 
8.8 con heces humanas de cuatro voluntarios diferentes en buen estado de salud y exentos de la 
ingesta de pro- o prebióticos y/o antibióticos al menos durante 6 meses. A lo largo de la 
preparación y proceso se mantienen condiciones anaerobias y control exhaustivo del pH para 
que se mantenga dentro del intervalo 6.6-6.9, simulando así las condiciones del intestino 
humano.  
Fig. 8.8. Fotografía representativa de la fermentación in 
vitro con control de pH. 
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Los cambios producidos en las poblaciones bacterianas a lo largo de 24 h de fermentación 
se midieron mediante la técnica FISH y la producción de ácidos grasos de cadena corta (AGCC) 
mediante HPLC, y todos estos valores se analizaron estadísticamente con el programa SPSS. 
Para la técnica FISH se emplearon varias sondas oligonucleotídicas de hibridación marcadas 
fluorescentemente con una secuencia 16S ARNr específica para cada especie bacteriana: Bif164, 
Lab158, Bac303, Ato291, Chis150, Erec482, Fpra655, Eub338, para su posterior visualización y 
contaje al microscopio óptico fluorescente mostrándose alguna de estas imágenes en la Fig. 8.9. 
Eub338
Bac303
Chis150
Lab158
Ato291
Erec482
 
Fig. 8.9. Imágenes tomadas al microscopio óptico fluorescente empleando diferentes sondas para medir los 
cambios producidos en determinadas poblaciones bacterianas. 
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Fig. 8.10. Perfil de crecimiento de algunas especies bacterianas (Bif, Lab, Fpra y Eub) a lo largo de la 
fermentación (0, 5, 10 y 24 h, por orden de aparición) para cada uno de los sustratos: mezcla de alolactosa 
(AloLact) y 6-galactobiosa (6-GalB) (rojos), 4´-galactosil-lactosa (4´-GalLact) (azules), 6´-galactosil-lactosa 
(6´-GalLact) (verdes) y Bimuno-GOS (B-GOS) (morados). 
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Los datos de las poblaciones bacterianas se analizaron estadísticamente para conocer 
cuáles de las diferencias encontradas a lo largo de la fermentación, tanto entre los diferentes 
tiempos de cada sustrato como entre los distintos sustratos empleados, eran significativas 
(Tabla 5.3). Aunque para la mayoría de las especies bacterianas no se encuentran diferencias 
significativas durante la fermentación, la población de Bifidobacterium aumenta 
significativamente tras 10 h de fermentación para la mezcla de disacáridos con enlaces β(1→6) y 
para el control positivo B-GOS, manteniéndose prácticamente estable hasta las 24 h según se 
muestra en la Fig. 8.10. Por otro lado, Lactobacillus sufre un pequeño incremento con todos los 
GOS empleados como sustrato pero estos cambios no pueden considerarse significativos. 
Bacteroides es el grupo bacteriano más abundante en la microflora del colon y se mantiene 
estable durante toda la fermentación. F. prausnitzi disminuye significativamente en más de una 
unidad logarítmica para todos los sustratos con respecto a 0 h con un valor de P < 0.035. La 
mezcla de sondas Eub338 nos aporta información de la población total de especies bacterianas, 
la cual, decrece en las primeras horas para alcanzar luego los niveles iniciales según se muestra 
en la Fig. 8.10. 
La fermentación parcial de estos GOS prebióticos en el colon produce mayoritariamente 
AGCC, principalmente ácido butírico, propiónico, L-láctico y acético, los cuales son 
rápidamente absorbidos por la mucosa intestinal acidificando el medio de forma que se inhibe 
el crecimiento de patógenos. Así, se llevó a cabo al análisis de estos AGCC mediante HPLC 
empleando la calibración de estándares de AGCC que se muestran en el Anexo 8.4. 
El lactato es el producto mayoritario de las bacterias lácticas como Lactobacillus, 
Enterococcus y Streptococcus. Es raramente detectado como producto mayoritario de 
fermentación en condiciones normales de estado saludable dado que normalmente es oxidado a 
otros AGCC por bacterias crecidas en el medio. El valerato es el que menos se produce y no 
suele aparecer en cantidades apreciables. En la Fig. 8.11 se observa que el acetato es claramente 
el AGCC más abundante para todos los sustratos a las 10 h de fermentación aumentando 
significativamente durante todo el estudio excepto para 6´-galactosil-lactosa. A las 24 h de 
fermentación se observan mayores diferencias entre los sustratos siendo la producción de 
acetato: B-GOS > mezcla disacáridos > 4´-galactosil-lactosa > 6´-galactosil-lactosa.  
El formato aparece a bajas concentraciones a las 24 h de fermentación dado que se 
convierte rápidamente en H2 y CO2. Las especies pertenecientes a Chis, Erec y Fpra son los 
mayores grupos productores de butirato, cuya función principal es la apoptosis de células 
cancerígenas con el efecto beneficioso correspondiente para prevenir el cáncer de colon. Se 
observan bajos niveles de butirato probablemente debido a la disminución de F. prausnitzii, 
siendo mayor para B-GOS a las 24 h. El propionato sufre un aumento significativo en las 
primeras 5 h para luego mantenerse o incluso disminuir a las 24 h de fermentación.  
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Fig. 8.11. Concentraciones de los AGCC a diferentes tiempos de fermentación de cada uno de los sustratos 
empleados en el estudio llevado a cabo con muestras fecales de cuatro voluntarios saludables. 
Con el objetivo de comparar los sustratos estudiados, se ha calculado el índice de 
selectividad para darnos una idea del crecimiento de las bacterias beneficiosas con respecto a 
aquellas menos deseables. Los valores se encuentran dentro del intervalo 2.1-3.9 
correspondiendo el valor máximo a la mezcla comercial. Hay que tener en cuenta que este 
índice sólo es comparable dentro del mismo experimento, por lo que sólo sirve para darnos una 
idea global: B-GOS > Alolactosa + 6-galactobiosa > 6´-Galactosil-lactosa > 4´-Galactosil-lactosa. 
Todos los GOS empleados para evaluar su selectividad durante la fermentación disminuyen 
significativamente el grupo de F. prau, y aumentan el grupo de Bifidobacterium aunque no todas 
las diferencias son significativas. Además, el AGCC más abundante es el acetato que se 
correlaciona con el crecimiento de bifidobacterias. Todos ellos dan lugar a perfiles similares a 
los de la mezcla prebiótica comercial, por lo que parecen tener buena selectividad prebiótica. 
Así, cabe destacar que una mezcla de disacáridos parece tener efectos similares que los 
trisacáridos individuales. 
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8.4. Inmovilización de enzimas por atrapamiento en alginato 
cálcico para obtención de FOS y GOS 
La producción a gran escala de oligosacáridos prebióticos sintetizados por vía enzimática 
puede verse favorecida si se inmoviliza la enzima en un soporte sólido. La inmovilización de 
enzimas es de gran interés en procesos industriales dado que permite la separación del 
biocatalizador del medio con la consecuente parada de reacción, y la reutilización de la enzima 
minimizando costes del proceso. Además, permite diseñar reactores enzimáticos (lecho fijo, 
lecho fluidizado, tanque agitado, etc.) de fácil manejo y control.  
Dentro de los métodos de inmovilización, el atrapamiento en alginato cálcico tiene 
ciertas limitaciones como una baja actividad volumétrica, la contaminación microbiana del 
biocatalizador durante el almacenamiento y, principalmente  la posible lixiviación de la enzima 
si el tamaño de la misma no es el adecuado para quedar retenida en las redes de alginato. A 
pesar de esto, esta metodología da resultados muy satisfactorios a escala de laboratorio y, en 
mayor medida, a gran escala debido a la facilidad del proceso, ausencia de cambios 
conformacionales en la propia enzima, elevada actividad recuperada y los bajos costes 
económicos de los materiales empleados siendo aptos para su uso en alimentación.  
En esta Tesis Doctoral se han desarrollado unos nuevos biocatalizadores de alginato 
cálcico sometiendo las esferas húmedas a un proceso de secado suave (35°C) de forma que 
reducen su volumen un 96% (DALGEEs) por evaporación del agua. A medida que se 
compactan los polímeros del alginato, disminuye  la posible lixiviación de la enzima atrapada 
en el interior. Este nuevo biocatalizador es muy poco poroso y sus propiedades texturales se 
reúnen en la Tabla 8.4. 
 
Tabla 8.4. Propiedades texturales y contenido en agua de biocatalizadores tipo DALGEE. 
Tamaño medio 
partícula 
Superficie específica 
(área BET) 
Volumen total 
poros 
Diámetro medio 
de poro 
Contenido de 
agua 
1 mm 7.6 m2/g 0.072 cm3/g 8 nm 1.5 % (p/p) 
 
Los resultados de microscopía confocal de fluorescencia de los DALGEEs que aparecen 
en la Fig. 7.4 del Capítulo 7 muestran que la proteína se distribuye en la corteza de la partícula. 
Esto podría explicarse de manera que a medida que el agua se evapora durante el proceso de 
secado, la esfera de biocatalizador disminuye su tamaño acumulándose las moléculas de 
enzima en la superficie.   
Al estudiar el comportamiento de los DALGEEs en contacto con diversas soluciones 
acuosas, se ha observado su rehidratación recuperando parte de su tamaño original, aunque sin 
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alcanzar los 3 mm iniciales. En presencia de altas concentraciones de azúcar, como sacarosa 600 
g/l,  esta rehidratación se minimiza al máximo. Esto puede ser debido a la disminución de la 
actividad del agua (aw) dejando menor número de moléculas de agua disponibles para la 
hidratación del alginato. Por ello, estudiamos la actividad del agua de diversas disoluciones de 
azúcares que se muestran en la Fig. 8.12.  Se observó una ligera disminución en el valor de aw, 
de 1 a 0.97 empleando sacarosa 600 g/l, que debe ser suficiente para que los DALGEEs no 
recuperen su tamaño original, propiedad importante para su utilización industrial. En el caso 
de la lactosa, al ser menos soluble, no se observa este efecto en la aw. 
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                  Fig. 8.12. Actividad de agua (aw) de diferentes soluciones de azúcar. 
Una gran ventaja del empleo de estos DALGEEs frente al biocatalizador húmedo es su 
resistencia frente a la contaminación microbiana o biodegradación durante su almacenamiento 
dado su bajo contenido en agua, incluso a temperatura ambiente. Desde el punto de vista 
industrial, otro factor a tener en cuenta es la reducción del volumen del reactor para obtener 
niveles de productividad similares. 
8.4.1. Inmovilización de la β-fructofuranosidasa de A. aculeatus para 
síntesis de FOS  
Los resultados presentados en el Capítulo 7 del estudio de la inmovilización por 
atrapamiento en alginato cálcico llevado a cabo con la β-fructofuranosidasa del hongo 
filamentoso A. aculeatus indican que el SG300 es el alginato más apropiado en términos de 
actividad recuperada. A partir de las esferas húmedas se prepararon DALGEEs de esta β-
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fructofuranosidasa. La actividad efectiva de este nuevo biocatalizador (DALGEEs) es casi 30 
veces mayor que aquella obtenida para el biocatalizador húmedo. 
Un aspecto importante a nivel industrial es la necesidad de una alta estabilidad 
operacional del biocatalizador tipo DALGEE; el bioreactor continuo de lecho fijo empaquetado 
con DALGEEs mantiene su actividad catalítica durante 700 h y da lugar a una composición 
prácticamente constante de FOS de 275 g/l suministrando sacarosa 600 g/l como corriente de 
alimentación. La productividad volumétrica de FOS obtenida en este reactor fue de 4030 
gramos por litro de reactor y día de operación frente a 103 g/l·día del gel de alginato húmedo, 
por lo que es capaz de producir un aumento de casi 40 veces.  
La composición de salida del reactor se puede modificar variando el tiempo de 
residencia, dirigiendo la producción a una mayor proporción de productos de bajo grado de 
polimerización aumentando el caudal (Fig. 7.7). Asimismo, en un reactor que opera en continuo 
menor caudal implica mayor proporción de tri-, tetra-, penta- y hexasacáridos. A medida que se 
aumenta el tiempo de residencia aumenta también la conversión de sacarosa alcanzando 
valores de 91%. 
Resumiendo, este biocatalizador DALGEE de la β-fructofuranosidasa de A. aculeatus 
ofrece una excelente estabilidad operacional para aplicación a gran escala con bajo coste del 
material empleado, metodología simple y mejora de la actividad volumétrica respecto al gel de 
alginato húmedo. Además, tanto la enzima como el alginato son aptas para procesos en 
alimentación. 
8.4.2. Inmovilización de la β-galactosidasa de Bacillus circulans para 
síntesis de GOS 
La metodología explicada en el apartado 8.4.1 fue también aplicada a una de las β-
galactosidasas estudiadas en esta Tesis Doctoral, concretamente la de B. circulans. Aunque los 
resultados obtenidos no han sido publicados por el momento, considero relevante exponer 
algunos de ellos para tener una idea global de la síntesis de GOS empleando esta enzima 
inmovilizada para su posible aplicación en bioreactores continuos. En primer lugar, se 
ensayaron varios tipos de alginato para escoger el más adecuado para nuestra enzima según se 
describe en el apartado 7.2.2. Los resultados de estos biocatalizadores húmedos y algunas 
características de cada uno de los alginatos empleados se muestran en la Tabla 8.5. La actividad 
teórica es aquella determinada indirectamente utilizando la medida de actividad de las 
soluciones de filtrado y lavados recogidas durante el proceso de inmovilización y que no queda 
retenida en el biocatalizador; la actividad efectiva se calcula directamente del inmovilizado y 
siempre es menor que la teórica, probablemente o bien por una disminución de la actividad 
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enzimática dentro del gel de alginato o bien por limitaciones difusionales de las moléculas de 
sustrato y producto en el interior de la red (Busto et al. 1995). 
Tabla 8.5. Características de los diferentes tipos de alginato ensayados y rendimientos de inmovilización 
referidos a la actividad enzimática (biocatalizadores húmedos).  
Alginato 
Casa 
comercial 
M/G a Viscosidad 
Rendimiento 
teórico b 
Aesp. 
(U/gbiocat. )c 
Avol. 
(U/ml)d 
Manucol LKX IMCD 61 / 39 60-170 (1%) 78% 2.9 8.5 
Protanal LF 120 M IMCD 60 / 40 70-150 (1%) 72% 7.5 18.5 
Protanal LF 120 LS IMCD 60 / 40 15-45 (1%) 75% 7.4 18.2 
Algogel 6021 Cargill n.e. e n.e. 76% 7.9 19.5 
Algogel 3021 Cargill n.e. n.e. 76% 7.9 19.6 
Alginato Ferrán 
Adriá 
Sollé 
Graels 
n.e. n.e. 73% 2.4 4.6 
SG300 
Degussa 
Texturant 
Systems 
33 / 67 n.e. 81% 7.7 19.1 
a Relación entre el ácido β-D-manurónico (M) y el ácido α-L-gulurónico (G). 
b Rendimiento teórico determinado por diferencia entre la actividad de la solución de partida y los valores de actividad 
de las soluciones tras inmovilización, soluciones de lavado y de CaCl2. 
c Actividad específica medida sobre ONPG en modo cinético a 405 nm. Condiciones de incubación: 20 min / 40°C / 600 
rpm / pH 5.5. 
d Actividad volumétrica calculada a partir de la densidad por esfera de biocatalizador húmedo y de U/gbiocat. reales. 
e No especificado por el proveedor (n.e.).  
Se obtuvieron buenos resultados con todos ellos excepto con el Manucol y el alginato de 
Ferrán Adriá; se seleccionaron los alginatos SG300 y Algogel 6021 para los siguientes 
experimentos de inmovilización con la β-galactosidasa de B. circulans. En la Tabla 8.6 se 
recogen los resultados obtenidos con ambos biocatalizadores empleando diferentes métodos de 
secado (DALGEEs). 
Tabla 8.6. Características de los diferentes tipos de alginato ensayados y rendimientos de inmovilización 
referidos a la actividad enzimática (DALGEEs). 
 DALGEEs Aesp. (U/gbiocat.) Avol. (U/ml) 
SG300 
Estufa 35 °C 65.4 1.13 
Corriente de aire 49.5 0.99 
Algogel 6021 
Estufa 35 °C 51.7 1.09 
Corriente de aire 37.0 0.67 
 
Para evaluar la viabilidad de estos biocatalizadores para su empleo en reactores 
continuos se realizaron ensayos de lixiviación de la enzima sometiéndola a varios ciclos de 
lavado en presencia de un azúcar concentrado. Los resultados de la Fig. 8.13A muestran que en 
el primer ciclo de lavado se produce la mayor pérdida de actividad con los DALGEEs secados 
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con línea de aire para luego mantenerse más o menos constante en los siguientes ciclos, y con 
aquellos secados a 35°C apenas se produce lixiviación. La elección entre un método de secado u 
otro depende de nuestras necesidades dado que con la estufa se obtiene menor lixiviación pero 
el método es más lento. 
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                  Fig. 8.13. (A) Actividad relativa de los inmovilizados de β-galactosidasa de B. circulans 
sometidos a sucesivos ciclos de lavado en presencia de sacarosa 450 g/l, empleando los alginatos SG300 y 
Algogel 6021, y dos métodos de secado diferentes (DALGEEs). (B) Cinética de la reacción empleando 
lactosa 400 g/l con la β-galactosidasa de B. circulans inmovilizada en DALGEEs (alginato SG300, pH 5.5 y 
40°C). 
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La cinética de reacción llevada a cabo en reactores tipo batch empleando la β-
galactosidasa de B. circulans inmovilizada en DALGEEs da lugar a un perfil de productos como 
el de la Fig. 8.13B mostrándose el cromatograma a las 4.5 h de reacción en la Fig. 8.14. 
En un futuro cercano se procederá a la optimización del biorreactor continuo de lecho fijo 
para la síntesis de GOS cuyos estudios preliminares indican aspectos positivos como que la 
enzima es capaz de trabajar en continuo y que no tiene lugar la lixiviación de la misma de 
manera significativa, por lo que la optimización del proceso se enfocará principalmente a la 
estabilidad de la enzima. 
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Fig. 8.14. Análisis HPAEC-PAD correspondiente a las 4.5 h de reacción con la β-galactosidasa de B. 
circulans inmovilizada en DALGEEs. Picos: (1) Galactosa; (2) Glucosa; (4) 6-Galactobiosa; (5) Alolactosa; (6) 
Lactosa; (7) 3-Galactobiosa; (8) 4-Galactobiosa; (9) 6´-O-β-Galactosil-lactosa; (10) 3-O-β-Galactosil-glucosa; 
(12) 4´-O-β-Galactosil-lactosa; (18) Tetrasacáridos; (11) Desconocido. Condiciones experimentales: 400 g/l 
lactosa; pH 5.5; 40°C; alginato SG300. 
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The main conclusions from the present PhD Thesis are: 
1. Several β-galactosidases from Kluyveromyces lactis, Bacillus circulans and Aspergillus oryzae 
were studied for their use in prebiotic GOS synthesis. K. lactis and A. oryzae enzymes exhibit 
a clear tendency to synthesize β(1→6) bonds whereas B. circulans prefers the formation of 
β(1→4) linkages. Regarding product distribution, B. circulans is preferred to obtain a product 
enriched in trisaccharides, whereas K. lactis and A. oryzae give rise to a mixture of  di- and 
trisaccharides. 
2. Using 400 g/l lactose, the highest yield of GOS was achieved with β-galactosidase from B. 
circulans (50% of total carbohydrates). The maximum GOS yield obtained with K. lactis β-
galactosidase was 44% using the permeabilized and lyophilized cells. The β-galactosidase from 
A. oryzae gave rise to the lowest yield (27%) of the three enzymes assayed. 
3. Several GOS with different polymerization degree, composition and/or glycosidic linkages 
were purified and characterized by mass spectrometry and bidimensional NMR.  
4. In vitro fermentation studies of the purified GOS indicated that all of them were bifidogenic as 
they increased Bifidobacterium populations and acetate was the most prevalent SCFA formed. 
5. The selectivity index was in the range 2.1-3.0 for all tested substrates, which was slightly 
lower to that determined for a commercial GOS mixture. Interestingly, disaccharides 
displayed a prebiotic effect similar to that of trisaccharides. 
6. A strategy for obtaining milk with a significant presence of GOS and, at the same time, a low 
content of lactose was developed. The maximum GOS concentration was obtained at a lactose 
conversion of approximately 40-50% with B. circulans and A. oryzae β-galactosidases, and at 
95% lactose depletion for K. lactis enzyme. 
7. Using the β-galactosidase from K. lactis, the maximum GOS concentration achieved in skim 
milk (7 g/l, formed basically by 6-galactobiose, allolactose and 6´-O-β-galactosyl-lactose) was 
close to the HMOs content of human milk.  
8. A modification, based on a dehydration step, of the classical calcium alginate enzyme 
entrapment technique was applied for the synthesis of FOS and GOS. The obtained 
biocatalysts (DALGEEs, Dried ALGinate Entrapped Enzymes) showed an increase in 
volumetric activity, reduced volume, no swelling in low aw media, and better storage stability. 
9. The operational stability of a fixed bed reactor packed with DALGEEs containing the β-
fructofuranosidase from A. aculeatus was extraordinary, operating during 700 h with a 
Conclusiones 
160 
nearly constant FOS composition. The FOS volumetric productivity was 4032 grams of FOS 
per liter of reactor and day. 
10. Among several alginates, the alginate SG300 was selected to perform the immobilization of β-
galactosidase from B. circulans. Regarding the dehydration process, DALGEES obtained by 
heating at 35°C gave the best results yielding the typical GOS profile. Preliminary studies 
indicate that these biocatalysts exhibit good performance in continuous reactors with low 
enzyme lixivation. 
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Anexo 8.1: Estructuras de los GOS identificados en los trabajos correspondientes a los 
capítulos 2-4: 
DISACÁRIDOS 
Alolactosa:                   6-Galactobiosa:     
 
3-Galactobiosa:          3-Galactosil-glucosa: 
 
4-Galactobiosa: 
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4´-Galactosil-lactosa:  
 
 
 
 
3´-Galactosil-lactosa: 
 
 
 
TETRASACÁRIDOS 
Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc: 
 
Gal-β(1→6)-Gal-β(1→6)-Gal-β(1→4)-Glc: 
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Anexo 8.2: Espectro de RMN de 4´-galactosil-lactosa. 
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Anexo 8.3: Espectros de masas de algunos de los GOS identificados y purificados en los 
trabajos correspondientes a los Capítulos 2-4 que no aparecen en los artículos publicados. 
3-O-Galactosil-glucosa: 
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Gal-β(1→4)-Gal-β(1→3)-Glc: 
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4´-Galactosil-lactosa: 
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Gal-β(1→4)-Gal-β(1→4)-Gal-β(1→4)-Glc: 
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Anexo 8.4: Cromatograma HPLC correspondiente a la calibración de estándares de AGCC: 
Ácidos (1) Láctico; (2) Fórmico; (3) Acético; (4) Propiónico; (5) Butírico; (6) Valérico; (7) Estándar 
interno ácido 2- etilbutírico 100 mM. 
Tiempo de retención (min)
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Anexo 8.5: Recopilación de las portadas de los artículos publicados donde aparecen las 
afiliaciones correspondientes a cada uno de los trabajos. 
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